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ABSTRACT
This thesis describes the preparations, magnetic, 
Mtfssbauer, and other investigations of some new iron(II) 
complexes of various xanthate anions ROCS2 (Rxn), where 
R = cyclohexyl (Ch), 2-methylcyclohexyl(2-Me-Ch),
Me or Et. All complexes were handled under nitrogen 
or in vacuo because they are very air-sensitive.
The adducts Fe(Chxn)2 I^, where !L = methanol, 
ethanol, pyridine, 3-methylpyridine, 4-methylpyridine,
3 ,5-lutidine, 3,5-dichloropyridine, or iso-quinoline 
have been found to be magnetically-normal, high-spin, 
distorted octahedral iron (II) complexes. The complexes 
Et^NCFe(Chxn)g] and B u ^ N [ F e ( C h x n ) w e r e  prepared for 
comparison and they also contain high-spin iron(II), 
but, as expected from the presence of six identical 
donor atoms, have smaller quadrupole splittings than 
the base adducts.
Mfissbauer spectra of the complex Fe(Chxn) 2 (3,5-lutidine) 
prepared by one method showed four peaks indicating 
that two iron sites were present, but a different 
preparative procedure gave a product showing only two 
peaks.
The complexes Fe(Chxn) 2 and Fe(2-Me-Chxn)^• H2°
are antiferromagnetic and are believed to be S-bridged
polymers. Mttssbauer investigations of Fe(Chxn) 2 showed
that two iron sites are present. This may be due 
to the simultaneous presence of five-co-ordinate 
dimers and six-co-ordinate polymers. The complexes 
Fe(Mexn)2 (py) 2 aRd F e (Etxn)^ (py)^ have been isolated 
as solids for the first time. Various investigations, 
including X-ray powder photography, have confirmed 
that the dithiocarbamato-complexes Fe (1^ 1^ 8 2 ) 2  fall 
into two classes according to the nature of the R 
group. When R = Et, Pr11, or Bu11, a dimeric five 
co-ordinate structure is suggested from the very large 
quadrupole splittings (4.2 mm s obtained. When 
R = CH^ or R 2 = C 4 H q ' a  P ° l y mer;i-C six co-ordinate 
structure is suggested by the smaller quadrupole 
splittings (^2.5 mm s ^).
Complexes of o-aminobenzenethiol Fe (C^H^NI^S) ^  t 
2-mercaptoethylamine Fe (NI^CI^CI^S) ^  ^ 2®' dicyclo- 
hexyldithiophosphate FeC (C^H^O) 2PS2 ^ 2  ' anc  ^ dicyclo- 
pentyldithiophosphate Fe[(C^H^O)2 FS2 ^ 2 ^ave been 
obtained. The first two compounds have been shown 
to be antiferromagnetic, and the others were magnetically- 
normal.
The diamagnetic nitrosyls Fe(Rxn)2 (NO)^/ bn which 
R = ethyl, methyl and cyclohexyl, have also been 
isolated. Their infra-red spectra suggest cis-con- 
figurations.
Some Schiff's Base-iron nitrosyls of the type Fe- 
salen NO where salen = NN'-ethylene bis(salicylid- 
eneimine have been re-investigated.
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CHAPTER I 
INTRODUCTION
The most studied ligands are the halide and cyanide
ions and ligands having oxygen or nitrogen as donor
atoms. Ligands having sulphur donor atoms have
been less extensively studied although in recent
1-4years there has been considerable interest shown
in such ligands. Metal ions are divided into class
A acceptors, which form more stable complexes with
ligands in which the donor atom is the first member of
group VB, VIB, or VIIB of the periodic table, i.e.
N, 0, or F; and class B acceptors, which form most
stable complexes with the second or later members of
these groups, i.e. P, S, or Cl etc. Mercury, for
example, forms stronger complexes with ligands containing
sulphur donor atoms than with ligands containing oxygen
donor atoms. Class B behavior is restricted to an area
near the centre of the periodic table, most metals being 
5
in Class A.
More recently reviews have appeared on reactions
involving metal complexes of sulphur ligands, and
on certain types of sulphur-sulphur and sulphur-oxygen
chelates viz, 1 ,1 - and 1 ,2 - dithiolate and dithio- 
4 7 8
acid complexes ' ' . The particular features of sulphur 
as a donor atom have been discussed in some detail in
3
an earlier review ; they are summarized as follows:
1. The electronegativities of donor atoms decrease in 
the series: F>0>N>Cl>Br>I^S^Se^C>Te>P>As>Sb. However,
the effective electronegativity will be influenced by 
the other atoms or groups attached to the donor atom.
The coordinating ability will depend not only on the 
electronegativity, but on the total dipole moment of the 
ligand, and whereas the permanent dipole moment and 
coordinating ability decrease in the series H 2 0 >R0 H>R2 0 , 
the reverse order holds for sulphur, both dipole 
moment and coordinating ability increasing in the 
order H2S <RSH <R2 S •
2. From a consideration of both electrostatic and 
covalent models, the strength of bonding to a metal 
ion is in the order: RO > RS and R 2 O > However, 
sulphur has vacant d-orbitals which can be used for 
dTr-dTT bonding; consequently, if TT-bonding occurs,
it can cause a reversal of order to RS > RO and
r2s > r 2o.
3. The polarizability of sulphur donors decreases
2 - ”in the order S > RS > R 2 S; furthermore, the number 
of lone pairs decreases in the same order.
4. Sulphur donors bind more strongly to class B 
metals than do oxygen donors. The oxidation state of 
the metal affects the degree of B character which is
strongest when it is in a low oxidation state. Then
the metal has more non-bonding d-electrons with which 
to form dTT-dTr bonds by donation of electrons into 
empty orbitals of the ligand.
5. Sulphur ligands occupy a late position in the 
nephelauxetic series, which indicates considerable 
covalent bonding between metal and ligand.
Sulphur - Nitrogen Chelates Containing a Thiol Group
The simplest representative of this class of ligand
9
is 2-aminoethanethiol. Jensen first observed the 
formation of two nickel complexes of 2 -aminoethane­
thiol in solution. Jicha and Busch'*'0 ' ^ , have made 
a detailed study of the complexes of 2 -aminoethanethiol. 
Two types of complex are formed with transition metal 
ions, monomeric bis-ligand complexes of the general 
formula M (NH2CH 2CH 2 S) 2 (M=Ni,Pd), and the trinuclear 
cationic complexes (I) having the general formula 
M{M(NH2CH 2CH 2 S)2 )2 ci 2 where M = Co, N i , and Pd .
(I)
Structure (I) has been confirmed for the nickel
12complex by X-ray diffraction.
The ligand 2 (2-mercaptoethyl)pyridine (II) (N-SH)
forms the complexes M(N-S) 2 (M=Co,Ni,Pd and Pt) ,
and trinuclear complexes M^CN-S)^ X2 , similar to those
13obtained with 2 -aminoethanethiol, are known
However, these trinuclear complexes can only be
isolated if the anion X is of low coordinating power.
In the presence of halide ions, thiol-bridged, neutral,
13 14binuclear complexes M 2 (N-S)2 X2 are obtained '
C H 2 ' C H 2 ' S H
NTH
SH
(II) (III)
2-Ajninobenzenethiol ( m ) ,  forms inner complexes with 
cobalt (II) , c o b a l t ( m )  , nickel (II) , and palladium
I r I /-
(II) ' . Reaction of a nickel(II) salt and the
ligand under basic conditions in the presence of
air affords an intensely blue diamagnetic solid, first
15obtained by Hieber and Brtick, who claimed the dimeric 
formulation[NiO(CgH4 SNH2) 2] 2 involving oxo-bridged nickel
(IV) as shown bver page (IV).
Ni
NH
Ni
NH
(IV)
23This description has recently been found to be incorrect, 
and the compound has been demonstrated to be Ni(CgH^SNH. )^
(V)
NH
Ni
NH,
(V)
Recently these complexes have been prepared and in-
17vestigated by Larkworthy et. al. following several 
earlier reports which did not present consistent 
descriptions of the physical appearance and chemical 
properties of the complexes of certain metals. They 
synthesized complexes of the type VI.
with M=VO(IV), Cr(II), Mn(II), Fe(II), CO (II), Ni (II) ,
and Zn(II), under anaerobic conditions. These
compounds are insoluble in most solvents and display
no isomorphic relationship. Magnetic measurement
showed that the complexes (M=Mn,Fe,
17and Co) exhibit antiferromagnetism. The nickel
complex is diamagnetic. The similar l i g a n d , 8 - 
mercaptoquinoline (VII) forms very stable chelates 
with class B metal ions"^ '^
2
SH
(VII) (VIII)
Thiosemicarbazide can exist in the tautomeric forms 
(VIII) and (IX), and can act as a neutral or as a 
charged bidentate ligand (by loss of a proton).
The complexes M f t s c ^  (M=Ni,Pd,Pt.) have been
obtained in two forms which were assumed to be cis-
21,22 trans isomers '
Chelate Ligands Containing Only Sulphur Donor Atoms
Of the ligands of the above type, only dithio-
carbamates (X), xanthates (XI), anddithiophosphates (XII)
have been used in the present work so this review
has been restricted to their metal complexes. These
24anions of dithio-acids form four-membered chelate 
rings with many divalent and trivalent metals.
R S\ ^
N— C R-O-C
- /  V  ^R' S
S
S
(X) (XI)
R  o S
\ /P R, R = alkyl or aryl
/ VR —  o Ns
(XII)
The infra-red spectra of dithiocarbamate complexes show 
a strong absorption at 1542 - 1480 cm ^ indicating 
considerable double-bond character in the carbon- 
nitrogen bond ( X I I I ) ^ ^ ^ , but in the xanthate
complexes the canonical form (XIV) contributes
25little to the structure.
+
R - o — C M
S
(XIII) (XIV)
Also the dipole moments of xanthate complexes are
much lower than those for the corresponding dithio-
25carbamates. It has been suggested that because of
the different charge distributions, the dithiocarbamates
should have a greater ability to form cr-bonds, thus
accounting for the greater stability of dithiocarbamate
complexes compared to xanthate complexes. The P - S
bond has little double-bond character in the diethyl-
2dithiophosphate complexes .
28As early as 1815 Zeise prepared the first xanthate
salts. The alkali-metal xanthates can be easily
29obtained directly by xanthation of alcohol.
Xanthate complexes of nickel(II) have been known
24 30since the early 1800's . Delepine and Compin
reported a number of xanthates, and later Drawert 
31and Reuther prepared a wide variety of these compounds
Ni(Rxn) 2 where R = Me, Et, Pr11, i-Pr, Bu11, Am11, i-Am, 
hexyl, heptyl, octyl, nonyl, decyl, and Bz.
A number of nickel (II) xanthates were also prepared
by D u b s k y ^ ' ^  and Kerbs et. a l . ^  who studied the
interaction of these complexes with bases. Bulmer 
35and Mann reported the synthesis of a number of
Pd(Rxn) 2 complexes where R = Me, Et, Pr11, and B z .
36Watt and McCromick have reported the preparation 
of several divalent platinum, palladium and nickel 
complexes of methyl- and ethyl-xanthates. X-ray 
diffraction patterns showed that the nickel(II)), 
platinum(II) and palladium(II)/ complexes were
37isomorphous, and square-planar and diamagnetic.
The assignment of many of their infra-red absorption
3 8bands has also been carried out . The complex,
Pd(Etxn)2 f due to its high insolubility, has been
used for the quantitative separation of palladium
39from platinum, rhodium and iridium . The chemistry
and uses of zinc(II) and cad .mium(II) xanthates
have been investigated in considerable detail. The
preparations of these complexes from the metal salt
24and KRxn in water have been reported . The solubility
products of a variety of zinc (II) 5 and cadmium (II).
40xanthates have been determined . The crystal structures
41 42
of Cd(Buxn) 2 and Zn(Etxn) 2 have been determined.
The Zn(Etxn) 2 complex is polymeric and contains tetra-
hedrally coordinated zinc(II) , in which the ligands
are bridging and each of the four sulphur atoms 
about zinc(II) ion belong to a different Etxn 
ligand. The cadmium atom in Cd (Bunxn) ^  i-s believed 
to have a similar structure.
Dithio-complexes with divalent cobalt are extremely
unstable and oxidize readily to the corresponding
43cobalt (III) salts. Fackler and Holah reported that
> aqueous solutions of cobalt (II) spontaneously oxidized
to cobalt(III) when mixed with aqueous NaEt2 dtc, even under
44vigorous exclusion of oxygen. Sheka and Kriss have made 
a similar observation regarding cobalt(II) xanthate complexes. 
The xanthate and dithiocarbamate complexes of cobalt (II) show
improved stability with larger alkyl groups. For instance
T 745 30
the complexes Co [(i“Am) 2^tcJ 2 an(^  Cofi-Amxn^ have been
reported but not fully characterized. It has been observed 
46that Co(Rxn) 2 complexes were mainly precipitated from 
sulfate solution in the pH range 2.5-3.5, while at 
higher pH, the cobalt(III)-xanthates were obtained.
30Compin and Delepine studied the visible spectra
of several cobalt(III) xanthates. These compounds
32did not interact with nitrogeneous bases , Watt and 
3 6McCromick recently showed that methyl- and ethyl-
xanthate complexes of cobalt(III) are isomorphous
with the corresponding chromium(III) complexes which
32 36 48are monomeric and octahedral ' ' . Iron(III)
xanthato- complexes were reported as early as 
24 281862 ' . The first detailed study, however, was
32conducted by Dubsky in 1917 who synthesized them
and investigated their reactivity towards nitrogeneous
49bases. The space group of Fe(Etxn)^ has been
determined and it is different from that of the
corresponding cobalt(III) complex. Cambi and co- 
50workers first reported that the iron(III)
xanthates are low spin. Mfissbauer studies of several
iron(III) xanthates showed that the quadrupole splitting
varied considerably depending on the alkyl group
51 77bonded to the oxygen atom . Yong has prepared
many iron(III) xanthates Fe(R0 CS2 )^ where R=Me,
Et, Pr11, i-Pr, Bu11, i-Bu, Bz, cyclohexyl, cyclopentyl,
4-methyl cyclohexyl, and 2-methylcyclohexyl. He found
that the aliphatic derivatives are unstable in moist
air in contrast to the alicyclic derivatives. The
stability of the alkyl derivatives decreased as
52the chain length increased. Holah and Murphy 
reported the synthesis and properties of the complexes 
M(Etxn) 2 and M ( Etxn)  ^where M=Mn and Fe. The reactions 
between the metal halides MX 2 (M=Mn, Fe, Co, Ni, Cu, 
and Zn) and potassium ethylxanthate in the presence 
of 1 ,1 0 -phenanthroline or 2 ,2 '-bipyridyl to give 
compounds of the type M(xn)^ phen and M(xn)^ kiPY 
are also described.
Dithiacarbamate complexes were first studied by 
53 54Delepine ' and analytical aspects have been
55reviewed by Glen and Schwab . Dithiocarbamates 
have been studied more widely than xanthates with 
divalent cobalt, iron and manganese; in general the 
reaction of the dithiocarbamate ion like the xanthate 
has been stated to produce complexes of trivalent
metals, tris complexes being obtained with an
.e i* ,56 ,57excess of ligand ' 9
Dithiocarbamate complexes of the nickel(II), copper(II),
3 54 55 58and zinc(II) have been known for some time ' r 9 ,
59
and an X-ray crystal structure of Cu(S 2CNEt2 ) 2  shows 
the presence of dimeric units with essentially a 
square pyramid of sulphur atoms about the metal (XV).
CNEt
CNEt
(XV)
Preliminary structural data on the isomorphous zinc(II) 
compound have also been reported^0 '
The nickel(II) ion, unlike the other bivalent transition
metal ions so far studied, forms a planar complex
and gives an X-ray powder pattern significantly
different from those of the other diethyldithio-
carbamato-complexes. The chromium(II) ion has been
reported to react immediately with dithiocarbamates
in aqueous solution, producing the chromium(II)
complex which is then rapidly oxidised to a chromium(III)
derivative even when precautions are taken to exclude 
63oxygen , but it is possible to isolate chromium(II)
64complexes with difficulty . The tris(dithiocarbamato) 
complexes of trivalent chromium, manganese, iron 
and cobalt are all highly coloured, the chromium 
complex being dark violet. The magnetic moments 
of iron(III) dithiocarbamates are temperature- 
dependent and lie between the values expected for 
one and five upaired electrons^0 This 
behavior indicates that the ligand field is near 
the crossover point between low- and high-spin
configurations. Manganese(II)- dithiocarbamates,
67 68 4 ;until very recently 7 ^ were not fully characterized ,
because these yellow substances readily oxidised in
air to dark violet manganese(III) compounds. The
diethyl substituted manganese(II) compound has 
69been reported to be an example of an unusual
compound with a quartet ground state and to be
isomorphous with the planar nickel(II) complex.
43However, Fackler and Holah previously reported
that it was isomorphous with the sulphur-bridged,
binuclear and five coordinate copper(II) (XV). Very
67recently Larkworthy et al showed that it was not
isomorphous with the copper(II) compound and like 
several new manganese (II) compounds Mn (8 2 0 ^ 2 ) 2  / 
where R = Me, Pr11, Bu11, or k C 4 H 3 * it was a normal 
high-spin manganese(II) compound in which antiferro-
68magnetic interaction occurred. It has now been shown 
from X-ray investigations to be a linear octahedral 
polymer.
Certain amines such as piperidine (XVI) and piperazine
(XVII) have been used to form dithiocarbamates, from
which colourless manganese(II), pale yellow iron(II)
70
and yellow cobalt (II) complexes have been made .
H
H H
(XVI) (XVII)
A review has been written on dithio phosphate complexes 
The diethyl dithiophosphate anion is a very stable 
ligand. The two ethyl groups prevent the complexes
from polymerizing, and the P-S bond has very little
2 72double-bond character . Malatesta and Pizzoti
prepared the violet compound Ni dtp2 and the black
73Fe dtpg, and Vinogradova and Ivanova report
precipitates of Bidtp3 , As dtp3 , cd dtp2 , cu dtp2
and Pb dtp2 ? the latter salt was previously known .
75Busev and collaborators have made analytical use 
of the ligand. The preparation of Crdtp3 has been 
r e p o r t ed ^ .
Nitric Oxide Complexes of Transition Metals
General properties of nitric oxide
In the gaseous state, nitric oxide is colourless and 
paramagnetic, and it behaves as a stable free radical 
under normal conditions. It has an odd number of 
electrons, and its molecular orbital configuration:
(als)2 (a*ls)2 (c2s)2 (a*2s)2 (o2p)2 (ir2p„ = ir2pJ4x y z
(7r 2p = 7T 2p ) shows that the unpaired electron is
y z
housed in an antibonding molecular orbital and can
•j*
be lost relatively easily to give NO , a species iso-
electronic with molecular nitrogen as well as carbon
monoxide. The first ionization potential of the
78nitric oxide molecule is low (9.5 e.v) in comparison
with those of other similar diatomic molecules such
as ^ ( 1 4 . 5  e.v) or CO (14.1 e.v), as might be expected
for the loss of an electron from an antibonding orbital.
o
The bond distance of 1.14 A lies between the values of
o 7 9
1.18 and 1.06 A for double and triple bonds respectively.
This agreed with the bond order of 2\ indicated by m.o.
theory. The removal of an electron from the antibonding
orbitals in nitric oxide leads to an increase in the
~ 1  80N-0 stretching frequency from 1875cm in NO to
— 1 81 ■*> 2 2 2 0 cm in various nitrosonium salts
The electron affinity of nitric oxide is not known.
' The compounds formed between NO and sodium, potassium
82and barium, originally formulated as anionic nitrosyls
+ — 83e.g. Na NO, have been, shown to contain the hyponitrite
Nitric Oxide Complexes
Nitric oxide compounds of transition metals may be 
cationic, anionic, or neutral, depending on the nature 
and valence state of the metal and the type of ligand 
present. Nitric oxide can combine with transition 
metals in several ways:
a) Donation of two electrons from neutral NO to 
give paramagnetic complexes.
M « — N = 0
b) Donation of one electron from nitric oxide to a
metal results in the formation of N$. The nitrogen 
+
atom of NO is sp-hybridised so that subsequent 
donation of an electron-pair to the metal results in 
the formation of an M-N-0 bond angle of 180°.
+
M«— N = 0  ) M = N  =  0
c) Transfer of an electron from the metal to nitric
oxide, the NO then acting as a normal ligand. In this
2species the nitrogen atom is sp -hybridised so that 
donation of an electron pair by NO results in an M-N-0 
bond angle of 1 2 0 °.
M — N
—  8 4  
Coordination by NO was proposed by Sidgwick as analogous
to that by halide ion and structurally similar to organic
nitroso compounds. The view prior to 1960 was that
in all but a few systems the linear mode of coordination
r i“2 84 85was followed as in the nitroprusside ion Fe[(N0) (CN)^J '
A significant turning point in nitrosyl chemistry was
Of- 0 7
achieved in 1967 when Ibers and Hodgson ' reported 
the first structurally bent nitrosyl complex.
d) The nitric oxide group is not bonded to the 
metal in an "end on" position with linear M-N-0 group, 
but is bonded at some angle via the ir-electron density.
^ . 0
'“' i
'J
M
e) Nitric oxide is bonded in a bridging position
M N
N — 0
M
There are several recent reviews on the preparation,^
89 90structure , and nature of bonding of transition-metal
nitrosyls. Infra-red spectroscopy is frequently used in
studies of metal nitrosyls and was first extensively
9 1 9 2used by Lewis and Wilkinson ' who reported that NO 
complexes absorb in the range from 1045 cm ^ to 1980 cm \  
but in the majority of derivatives, the frequencies fall
\
1
in the range 1580 - 1980 cm and it was suggested
that in these coordination was of the type (b) .
+
The stretching frequency of ionic NO is very similar
9 3
to that of the isoelectronic molecule nitrogen
_ . _ = 2331cm 1 but oxygen, which is isoelectronic 
N-N
- 9 3 -I
with the NO, absorbs at 1555 cm . Therefore, it
been 9 4
has more recentlyXsuggested that when v is
N - 0
found in the region 1 5 0 0 - 1 7 0 0  cm ^ the nitric oxide
be assigned the structure NO; and when v is in the 
' N - 0
region 1700 - 1900 cm complex is formally regarded
+
as containing NO. The value of v is lower than
+ N-0
that of the free ion NO according to the extent of 
back-donation of metal d-electrons into the tt*-N0 
antibonding orbitals.
95Gray et.al have suggested that all compounds containing 
+
co-ordinated NO have a linear M-N-0 grouping, and
complexes containing neutral NO', or NO, are expected
96to have a bent M-N-0 grouping. Symons et. al. 
have‘suggested a N-0 stretching frequency of 1900cm ^ 
for a linear and ^ 1650 cm 1for a bent M-N-0 grouping. 
X-ray investigations have confirmed that linear and 
bent M-N-0 groupings exist.
Numerous metal nitrosyls are now known and the literature 
is very extensive so that the discussion in this thesis 
has been restricted mainly to iron nitrosyls.
Iron nitrosyls
97The unstable irontetranitrosyl Fe(NO) 4 was prepared 
as black crystals on heating nitric oxide and iron
92pentacarbonyl under pressure. The infra-red spectrum
+
showed two frequencies in the NO region, and one
near 1150 cm ^ which was assigned to n5. The structure
suggested was tetrahedral with three nitric oxide
groups donating as NO and one as NO, analogous to the
compounds Fe(N0) 2 X (X =C1, Br, or I) which were
shown to be monomeric, diamagnetic and unstable, and
lost nitric oxide easily to give the dinitrosyl.
However, the dinitrosyT halides Fe(NO)2X (x=Cl,Br,
and I) are dimeric, diamagnetic and stable. The
98Fe-N-0 grouping has been shown to be slightly bent 
in Fe (NO)2I 2 .
Nitrosyl bis(N,N-dimethyldithiocarbamato)cobalt
(Co NO (Me2dtc) 2] is an example of a class (d) nitrosyl.
99The crystal structure determination showed that this . 
complex has a square -pyramidal structure. The NO 
molecule was found to be inclined at an angle of 139° 
to the pyramidal axis. X-ray examinations of 
[Fe NO (Me2 dtc) 2] ^ 0 0  and [Fe NO (Et2 dtc) 2] **'°'*' showed that 
these compounds are also square pyramidal but with a 
Fe-N-0 system almost collinear with the axis of the pyramid. 
Several cyclopentadienyl complexes***0  ^ [(C2 H^) Mn (CO) No] 2, 
[(C2H^)Cr (NO) 2] , and [(C2 H^)Mn2 (NO) which contain
bridging nitric oxide groups, are examplesof class (e).
104Rallo and Silvestroni found that nitric oxide 
reacted rapidly and irreversibly with salen cobalt 
(II) , but they did not isolate any nitrosyls.
Larkworthy and his c o w o r k e r s s t u d i e d  the 
mononitrosyls of quadridentate schiff Base-cobalt 
and -iron complexes. A five coordinate, square 
pyramidal structure was proposed for these complexes 
based on the similarity of their physical properties 
with those of CoNo[ S2 CN (CH^) 2 ] 2 • In the cobalt
compounds the NO stretching frequency occurred in
91,92 +
the range earlier ' expected for coordinated NO
and was observed to increase with the electron-with-
drawing power of the substituents. The complexes were
later considered to have the formal configuration
Co (III) n 5 based on the NO stretching frequency range
94for NO proposed by Gans
In a similar series of five-coordinate mononitrosyls 
of iron the NO stretching frequencies occurred from 1670 
cm ^ to 1790 cm within the range proposed for NO.
These complexes have been assigned for the formal structure
- 4
Fe(III) NO, and the electronic configuration (dxz - dyz);
1 * 2(dxy) tt (NO) , like that in the cobalt mononitrosyls.
At room temperature, the magnetic moment of nitrosyl 
salen iron corresponded to three unpaired electrons, 
but on cooling to near 180°K, it changed abruptly to 
that of one unpaired electron. The NO stretching frequency 
also altered at this point from 1715 cm ^ to 1630 cm
suggesting that a change from linear to bent Fe-N-0 
might have occurred.
Two series of dithiocarbamato-complexes have been
107reported, five co-ordinate M(N0) (S2CNR2 ) 2  where M = V ,
Fe^^, Co^*99, and R = Me or Et. , and six coordinate 
M(NO)2 (S2CNR2 ) 2 where M = Fe109, Or63'109'110.
108
The compounds Fe NO(S2CNR2 ) 2  t where R = alkyl or
111aryl, were air-stable when dry with magnetic moments
112corresponding to one unpaired electron. Manchot
first reported that reaction of Fe No[s2CN (C2H 5 ) 2J 2
with nitric oxide produced a dark-brown compound
115)2 ] 2 * More recently this compound was 
109studied by Carlin . A cis-configuration of the NO 
groups is indicated since two stretching modes occur 
in the infra-red spectra (1820, 1842 sh), assigned to 
coordinated N$ groups, and the complex can be regarded
11'
as containing zerovalent metal. A more careful examination
of the infra-red spectrum of this compound showed the
presence of bands at 814, 1419 and 1470 cm ^ which are
characteristic of an N0 2 group which is coordinated to
114the metal via the nitrogen atom ; and the presence 
of three oxygen atoms per iron in Carlin's preparation 
suggested that this compound was in fact a nitro-derivative 
of a mononitrosyl iron complex. The diamagnetic complex 
[Fe(N0) 2 (S2C0Et) 2j was obtained"*"^' when an iron (II)
salt was treated with potassium ethylxanthate in the presence 
of NO.
Fe(NO) Js2CN (C2
Magnetochemistry
A brief account is given here. Further details are
i , 116,117,118given elsewhere ' '
Magnetic effects are taken to be of two types, one 
arising from the motion of electrons as charged 
particles which give rise to the phenomenon of diamagnetism, 
a diamagnetic substance being one which experiences a 
force in a direction opposite to that of the magnetic 
field gradient; and the other arising from the spin and 
orbital angular momenta of unpaired electrons, which give 
rise to the phenomenon of paramagnetism, and its 
extensions-ferromagnetism and antiferromagnetism.
A paramagnetic substance is one which experiences a 
force towards the stronger part of magnetic field i.e., 
the opposite of a diamagnetic substance.
Ferromagnetism and antiferromagnetism are the results
of interactions between the magnetic dipoles on neighbouring
atoms.
The magnetic induction B, in a substance differs from 
the free-sp'ace value of the magnetic fi6 ld H, which 
is applied to the substance. The two quantities are 
related by
B= H + 4ttI
where I is the intensity of magnetization corresponding 
to the induced magnetic moment per unit volume.
Dividing through by H,
£ = l + 4tt i 
H H
or p = 1 + 4ir K
where p is the magnetic permeability per unit volume, 
and K is the magnetic susceptibility per unit volume.
The quantity of most importance in the chemical aspects 
of magnetism is the magnetic susceptibility per unit 
mass
X = k 
d
where d is density.
For chemical purposes, it is convenient to deal in terms 
of the molar susceptibility of a compound xM
XM = X  x  M 
where M is the molecular weight.
Paramagnetic substances will be composed of paramagnetic 
centres and diamagnetic groups for which corrections 
must be applied. A susceptibility per gram atom which 
has been corrected for the presence of diamagnetic 
components is defined as xA / thus
^A = ~ 2 ' L^
where Xt is the diamagnetism of the ions or molecule in 
the compound.
The diamagnetism of molecules can be calculated 
from Pascals constants which give each atom a fixed 
diamagnetism X]_
*L = £n *1 + A 
where X is a "constitutive correction" which depends 
on the nature of the bonds in the molecule.
Normal parmagnetic substances obey Curie's law which 
state that the paramagnetic susceptibility varies 
inversely with temperature, that is,
X  = C (C = constant)
T
The Curie law was accounted for theoretically by 
Langevin by assuming that paramagnetic substances con­
tain ' atoms which behave as small magnetic dipoles 
of magnetic moment, y; the magnetic dipoles are independent 
of each other, i.e. the substance is said to be 
magnetically dilute; in the absence of the magnetic 
field (H), the magnetic dipoles are randomly oriented, 
but on the application of the field, the dipoles line 
up with the field; and thermal motion opposes this 
alignment. He deduced that the susceptibility xA 
is related to the magnetic moment y (in Bohr magnetons) 
by the expression
XA = Nu 2 B2 
3kT
where 3 is the Bohr magnetion (g=eh ), and the other
4 irmc
symbols have their usual significance.
Rearranging:
1 _ 3k
xA nu2b2 x
Thus, provided y is independent of temperature
1 = constant x T, and that is the Curie law.
The expression can be re-arranged to give the magnetic 
moment:
U = ( | | a f  < * A T)%
Substitution for the fundamental constants gives a value 
of 2.828; and if the experimental value of xA at a 
temperature T is substituted in this expression the 
effective magnetic moment Pe££ is obtained.
Vgff = 2.828 / xa .T B.M.
In practice deviations from ideal behavior occur 
leading to a variation of magnetic moment with temperature, 
and a more general equation is given by the Curie - Weiss 
Law.
T+ 6
Where 6 is a measure of the departure from ideal behavior 
For ions in the first transition series, the theoretical 
magnetic moment is given by
4S (S+l) + L (L+l)] B.M.
Where S is the total spin quantum number, and 
L is the total orbital angular momentum 
quantum number . In practice it is
found that the experimental values of Ve£f obtained 
for magnetically dilute compounds differ greatly from 
values predicted by this formula. It appears that the 
orbital contribution is often quenched (L = 0) by the 
ligand fields, and the above formula reduces to the 
spin-only formula.
yg ; 0  = j 4S (S+l) B.M.
Since s = h for one unpaired electron
S = n 
2
Where n is the number of unpaired electrons in the atom, 
hence,
Us .O ~ jf n (n+2) B.M.
This is an alternative form of the spin-only formula, 
where n = 1, 2, 3, 4, and 5, Pg q = 1.73, 2.83, 3.88, 
4.90 and 5.92 B.M. respectively.
Antiferromagnetism
In a great many substances the magnetic ions are 
separated by a distance of many Angstrom units by 
diamagnetic atoms which are not capable of transmitting 
magnetic effects from one ion to another. Such substances 
are said to be "magnetically dilute". In this class the 
magnetic properties of the whole system are the sum of 
the properties of the individual centres. This is no 
longer true when the magnetic dipoles interact with 
each other. Substances in which this occurs are said to 
exhibit magnetic exchange. The exchange may be described 
formally as a dipolar coupling between the effective 
magnetic dipoles of the interacting ions. Two possibilities 
are obvious: either adjacent dipoles may tend to align 
themselves in the same direction'relative to the applied 
field, or they may tend to align themselves in opposite 
directions, to give the lowest energy for the arrangement.
The first of these possibilities leads to ferromagnetism; 
the second, the much more common, to antiferromagnetism.
In systems in which cooperative magnetic alignment takes 
place, the magnetic alignment energy may become comparable 
to, or greater than the thermal energy, kT. Also, the 
alignment forces on adjacent dipoles may become comparable 
to, or greater than the alignment force exerted by the 
applied field. These facts show up in experimental phenomena 
in the form of a complicated susceptibility dependence on 
both temperature and applied field strength. For anti­
ferromagnetics there is a temperature above which the thermal
energy is sufficient to start to destroy the cooperative 
alignment between adjacent dipoles. Such a temperature is 
known as the Neel temperature. Above this temperature 
the behaviour approximates to that of a normal para­
magnetic, and, at temperatures well above it, a Curie- 
Weiss law holds and the susceptibility is independent of 
field strength.
Spin-state equilibria
The application of a ligand field causes splitting of the 
five degenerate levels of transition-metal ions into 
two or more separate sets of levels, depending on the symmetry 
of the field. Ions of the d ^ , d^, d^ and d^ configurations 
in octahedral fields may give high-spin or low-spin 
complexes depending on the strength of the ligand field.
High-spin forms would be obtained when the ligand field
strength (A) is less than the pairing energy (P.E).
When A>P.E. compounds of the low-spin form results. If
A and P.E. are of approximately the same magnitude,
then a chemical equilibrium of the two forms might
occur. This situation is shown in Fig. i
Further, if the energy separation between the two
spin states is of the order of kT, temperature will
have a great effect on the position of the high-spin
-low-spin equilibrium. Many complexes in which spin-
119 120state equilibria occur have now been observed ' .
E
n
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Fig. l
P.ELow-spin
Cross-over point 
where A = P.E.
ligand field strength A
Temperature Independent Paramagnetism
Some substances which are expected to be diamagnetic 
have a very small susceptibility which is independent 
of temperature called temperature independent 
paramagnetism (TIP). This arises because the magnetic 
field can be considered to distort the electron 
distribution of an ion on which it acts such that the 
description of the ground state is changed to a very 
small extent due to interaction between higher and 
ground states. The separation of the interacting levels 
is greater than kT, thermal population of the upper 
level does not occur, and the contribution to the 
susceptibility is independent of temperature.
For T.I.P.
yeff = 2 * 8 2 8  jfxTIp x T
which reduces to 
»e f f
since x t i p  is a c°nstant.
a
p—
YT
Mflssbauer Effect
121The effect, discovered by R.L. Mossbauer in 1958, 
concerns the resonance fluorescence of so-called recoil- 
free y-radiation from atomic nuclei. Fluorescence 
phenomena have been known for a long time. By 
absorption of a light quantum of^sufficient energy hv 
an atom or molecule can be excited, i.e. raised to 
a higher quantum level. On the return of the atom or 
molecule from the excited level to its ground state, 
the energy it had absorbed is re-emitted in the form of 
light quanta. If the atom or molecule returns to the 
ground state via selectively either one or several 
quantum levels, the energies of the emitted quanta 
are smaller than that of the absorbed quanta. If the 
atom or molecule has been lifted by the absorbed light 
quantum only just to the first excited level, however, 
only such light quanta can be emitted on its return to 
the ground state as have energy identical with that of 
the absorbed light quanta. This special case of fluorescence 
is called resonance fluorescence.
A clear picture of the energy processes involved in
122resonance fluorescence has been given by Frauenfelder. 
Consider a free atomic or molecular system of mass, m, 
which has two energy levels A and B, differing in energy 
by as shown in Fig. 2. When the system passes from 
B to A a photon with energy E is emitted and vice versa.
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It follows from the principle of conservation of 
momentum that the momentum Pa, of the photon and the 
momentum of the atom undergoing recoil, R, must be equal 
and opposite.
Therefore, the momentum of the photon is given by:
E,
Pa =
“T
(1)
where C is the velocity of light.
The recoil energy of the atomic or nuclear system, R, 
is then given by:
.2
2m 2m 2m c'
A non-relativistic approximation was adopted in this 
derivation since the energy of the photons is negligible
compared with the rest energy, mC , of the radiating system
From the law of conservation of energy, the transition 
energy Er by which the two energy levels A and B are 
separated must be equal to the sum of the energy of the 
photon and the recoil energy R, i.e.,
Er Ey. + R (3)
Since R << :E^ , E^ in equation (2) may be replaced by 
E r , so we have:
R = Er2.
2mC‘i (4)
According to the Hei senberg uncertainty principle, the 
energy in state B cannot be measured sharply but only 
within uncertainty given by:
where t is the mean life time of a state 
T is the uncertainty of the energy 
2 M is Planck's constant' (h)
When t is very large, i.e. the state is long-lived the 
energy of the state Is sharp. On the other hand if t 
is very small, the energy of the state in question is 
very uncertain, i.e., it cannot be exactly measured.
The characteristic energy distribution for the state 
B is shown in Fig . 3 .
<----- 2R ----
T
Fig. 3 (a) Energy distribution of the 
excited state B.
(b) Over lap of two resonance lines 
moved apart by recoil. The area 
of resonance is shaded.;
It is clear from Fig. 3 that resonance fluorescence will 
occur only if the energy distribution curves for the 
excitation process and for the photons available overlap.
For this to be the case, the line width must be approximately 
as big, or bigger than 2 R, i.e.,
r > 2 r
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So far in the discussion,the emitting and the 
absorbing systems were assumed to be at rest. In 
fact, both are in thermal motion. This causes a further 
broadening of the emission and absorption lines. This 
broadening D of the photon energy E^ is called Doppler 
broadening and is defined as:
Where Pi is the initial momentum of the radiating atom.
5 7 . - ■
The Decay Scheme For Fe
' 57The most commonly used Mttssbauer isotope is Fe.
5 7
The source consists of Co which is transformed by
5 7
electron capture into the 136.4 KeV state of Fe.
— 8 'After about 10 sec this level decays with the
emission of a gamma ray of energy 122.0 KeV. The
57resulting 14.4 KeV level of Fe is used in the 
Mflssbauer effect experiments because it corresponds
3 5 7 ;■
to the first excited state (I = of the Fe nucleus,
~ 8and after 9.8 x 10 sec it decays through internal 
conversion or gamma emmision (8.2%) of 14.4 KeV to the
5 7
ground state (I = h). The decay Scheme of Fe is shown 
in Fig. 4.
136*32 KeV
122*0 KeV 91%9 %
— — 1 4 *4  KeV 
14*4  KeV 8 *2 %
57
Fe
c7 c 7
Fig. 4 Decay Scheme for C o — ^  Fe
The Mflssbauer Spectrometer
A schematic representation of a Mdssbauer spectrometer 
is shown in Fig. 5 . It comprises a source, an 
absorber, and a y- ray detector. As the spectra were 
recorded at Birkbeck College by Dr. B.W. Fitzsimmons and 
Dr. Chin Ah Yong, experimental details have not been 
given.
window
source
absorber detector
Fig.5 Geometry of Mdssbauer Spectrometer
To obtain a resonance spectrum it is essential to shift 
the energy of the Y-ray photon emitted by the source 
(or that accepted by the absorber) by an amount equal 
to or greater than the line width (T). The shift in 
energy required is so small that it can be imparted 
by moving the source relatively to the absorber (Doppler 
effect). Whether or not absorption occurs at a 
particular velocity is determined with the y -ray 
detector, and the Mdssbauer spectrum is presented as 
plot of the intensity of y-radiation against the 
velocity of the absorber relative to the radiation 
source.
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Relative velocity
At the relative velocity vr at which the absorption of 
y-rays is a maximum, the centroid of the resonance
L
spectrum, the y-ray energies of source and absorber
have been matched. A Mfissbauer spectrometer is usually
calibrated with standard substancessuch as stainless 
iron foilf
steel^Xor sodium nitroprusside.
Hyper fine Interact i on s
The application of the M&ssbauer effect to chemistry 
depends on the resolution of the hyperfine interactions 
between the nuclear change distribution and the extra- 
nuclear electric field and magnetic field. These 
hyperfine interactions give rise to the isomer shift 6 
the quadrupole splitting, AE, and the magnetic Zeeman 
splitting.
Isomer Shift, 6
The isomer shift, which is defined as the displacement
of the centroid of the resonance spectrum from zero
relative source-absorber velocity, is a measure of
the difference in electron charge density at the
nucleus of the source and absorber atoms, and thus
is most closely related to the nature of the chemical
environments of the resonating nuclei. It arises
from the fact that the nucleus is not a point charge
but occupies a finite volume of space and, to a
first approximation, can be considered a spherical
entity. As such, there is an interaction between the
nucleus and the electrostatic field due to all of the
extranuclear charges. The isomer shift can be computed 
123
as follows . The nucleus is assumed to be a uniformly 
charged sphere of radius, R, and the s-electron charge 
density at the nucleus, p, is assumed to be a constant
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over the nuclear dimensions. A point nucleus of 
atomic number Z gives rise to an electrostatic 
potential at a distance r of:
V = Ze (7)
r
For a finite nucleus of radius, R, the potential will 
be identical to that of the point nucleus for r>R, 
but the potential is equal to :
V = zer 3 _ rf 1  (8)
R l 2 2R
for r <R
The energy difference between these two is given by 
the integral
00 _
SE = Sp (V-V) 47rr2dr (9)
or
2
Since 47rr is the area of a sphere
p
<5E = 47rpZe / (3_ _ r 2 R)r2dr (10)
R 0 2 2R " r
= - 2tt Ze p R2 (11)
5
= 2tt Ze2 R 2 | ip (0) | 2 (12)
5
2Where -e/ijj (0) / is an alternative expression for the 
electronic charge density, p.
Although equation (12) relates the energy of the 
nuclear level to the nuclear radius and the electron 
density at the nucleus, it is by itself not experimentally 
accessible. However, any nuclear transition involves 
an initial and final state, and for such a transition 
the change in energy can be evaluated and it is given 
by equation (13)
6E - 6E _ = 2tt Ze2/\ji (0)/ 2 (R2 - R2CT) (13)e g 5 e y
where R and R' are the radii of the excited and ground e g
nuclear states respectively.
These energy differences are extremely small. They
12 14correspond to one part in 1 0  to 1 0 of the total 
nuclear transition energy. It is clear that direct 
measurement is rather difficult. But, in a Mdssbauer 
experiment, two nuclei are involved, the source and 
absorber nuclei, and by comparing the nuclear transition 
energy in a source (Eg) with that in an absorber (E a) 
the above energy difference becomes measurable.
The isomer shift is the Doppler velocity which is 
provided to the source to observe resonance, and is 
given by the difference of equation 13 for source and 
absorber i.e.
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From equation 15, it is seen that the isomer shift
2 2
is the product of a constant [ 4irRZe ], a nuclear term
^ 2 2
6R, and a chemical term [ /ty (0) / -/ip (0) / ], which is 
R a
the measure of the difference in total charge density
at the nuclei of the absorber and source, and,
S = constant SR 6/\fj(0)/‘ 
R
(16)
In order to obtain information on the change in total
electron density between source and absorber nuclei
from observed isomer shift values, a value must be
57established for the nuclear term SR. For Fe it has
R
been found to be negative and it can be concluded from 
eq. (16) that as the electron density increases from 
source to absorber nucleus, S decreases, i.e. moves 
to lower velocities and vice-versa (see Fig . 6 )
ex
L T
E
/
E
Source(s )
gd
Absorber(a )
Eq is energy difference at point nucleus
Velocity ----------------------^
^  6 | 'F (0 ) | 2
57Fig. 6 The isomer shift for Fe 
124Kistner and Sunyar in I9 60, first detected the 
existence of the isomer shift produced by the change 
in nuclear radius and different chemical environments.
123Early M&ssbauer work by De Benedetti, Lang and Ingalls 
showed that the isomer shift was related to the formal 
oxidation state of the iron. The approximate ranges of 
the typical isomer shifts observed in practice for 
different oxidation states or electronic configurations 
is shown in Fig.7 . Only electrons in s orbitals 
have afinite probability of being found at the nucleus. 
The isomer shift decreases with increase in s-electron
p;. 7 Approximate representat;i on o:T the ranges of
chemical isomer shirts round in iron complexes
Fe ( I I )  S =0
lllllll) Fe (IH> s= j 
I FelE) S=2
Fe (E) S=1
D i a m a g n e t i c  C o v a l e n t
0-0-5-1*5
I s o m e r  s h i f t  ( m m  s * )
( r e l a t i v e  to i ron meta l  at RT )
be 
2 s,
where K is the constant of proportionality.
The I s and 2 s contributions are very large but virtually 
constant and independent of the chemical environment.
The contributions from 3'S and 4 s orbitals are small but 
variable. In chemical compounds, the isomer shift will 
therefore depend on the s-electron density at the 
nucleus, which is affected by:
t
a. the oxidation state of the absorbing atom,
b. the effect of p- and d- electron shielding,
c. covalent bonding involving s-, p- and 
d-electrons, and,
d. the de-shielding effects of diT-back-bonding.
The isomer shift is also sensitive to temperature, but 
the effect is generally small. It is known that between 
i50°K and 350°K, the temperature function is almost 
linear and the isomer shift increases with decrease in 
temperature of the absorber. This is called the"thermal 
red-shift" or the second-order Doppler effect. The 
second-order Doppler shift is the change in the energy 
of the emitted y-ray due to the fact that the vibrational 
energy of the host crystal increases because of the decrease
57density. In Fe the isomer shift can be said to 
proportional to the sum of contributions from Is, 
3s, and 4s orbitals, therefore:
n=4 9
6 = -K I / (0)/r (17)
n=l s
in the mass of the emitting nucleus during the emission 
process. The second-order Doppler shift does not 
broaden the Mfissbauer line but moves it to a higher 
energy on cooling the absorber. If the absorber and 
source are both at the same temperature, no shift in 
energy is observed.
Quadrupole Splitting AE
The expression for the isomer shift (Eq. 16) was derived
by assuming the nucleus to be spherical and to have a
uniform charge density. If both conditions are relaxed,
there will be an electric field gradient at the nucleus
which also has a quadrupole moment. The interaction of
this gradient with the quadrupole moment causes the
nuclear energy levels to split and is called the nuclear
57quadrupole interaction. In the case of Fe a characteristic 
two-line spectrum will be obtained (Fig. 8 ) and the 
difference in energy between'these two lines is called 
the quadrupole splitting, AE.
The Quadrupole Moment, Q
Nuclei whose spin I = 0 or h are spherically symmetrical 
and have a zero quadrupole moment. For I > h the 
nuclear charge is non-spherical, but ellipsoidal and 
such a nucleus has an electric quadrupole moment, Q.
The ellipsoid of positive charge c a n i e  prolate (elongated), 
producing a positive quadrupole moment, or oblate (flattened)
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with a negative quadrupole moment (Fig.9 ).
The quadrupole moment may be regarded as a deviation
from spherical of the charge distribution of the nucleus
. . . .  . , 125and it is given by :
eQ = /pr2 (3c6s2 © - 1) dx (18)
where e is the charge of the proton, p is the charge 
density in a volume element dx , which is at a distance 
x from the centre of the nucleus and makes an included 
angle 0 to the nuclear spin quantisation axis.
The Electric Field Gradient (EFG) Tensor
136The electric field gradient (EFG) tensor which
describes the inhomogeneity of the electric field
has nine components and arises in the following way.
The electric field, E, is the negative gradient of the 
potential, V. '
E = -VV= -(iV + jV + kV ) (19)
x J y z
where V _ dV, V = dV, V = dV 
x ~ to y ■ dy z dS
the EFG is the gradient of the electric field E.
—  J U  —
g . 9 Nuclear Quadrupolo Moments
Spi n  A x e s
Q > 0 Q <0
rolate  j Elongated ( 
Spheroid
Obl a t e  { F l a t t e n e d |  
Spheroid
Where V _ d2V V m  _ d2V .... etc., xx — yy — ~
dxz dy
vxy = d2v . . • • • etc., 
dxdy
The above tensor of nine components can be reduced to 
three by choosing a proper set of axes (termed principal 
axes). These three components are not independent but 
obey the Laplace equation:
V + V + V = 0  (21)xx yy zz
consequently, only two components are needed to specify 
the electric field gradient completely, and the two 
which are usually chosen are Vzz and the asymmetry 
parameter n, defined as:
„ = vx* ~ vyy (22)
v zz
V is the principal component of the electric field z z
gradient which may be defined as:
V2Z = eg (23)
The three components are usually chosen such that
/ ^ z / ' / W ^ y y 7 ' ° < n .  <1
This gives n = o for axial symmetry and a maximum of
Ti = 1 for complete non-axial symmetries.
The interaction between the nuclear electric quadrupole 
moment, Q, and the electric field gradient EFg is given 
by the Hamiltonion^2^ '
= flT2I-l)C3Iz2 “ 1(1 + X) + 2 (I* + XY ^  <24>
where I is the nuclear spin operator,
1 , 1  and I are its resolved components x y z
along the principal axis.
In general the energy levels are given by:
2 ^
Eq =' [31 z ~ 1 (I+1>] (1 + ni) (25)
57For Fe, the ground state with a nuclear spin, I = hr 
remains unsplit, but the excited state with a nuclear
3
spin of I = ^ , splits into two levels having the 
energy separation, AE, given by:
A E  = i  e2qQ (1 .+ D2) 2 (26)
z 3
57 129Q is found to be positive for Fe.
57For Fe when the EFG is negative, V is positive andz z
3
Mj = ^ states have the higher energy as shown in Fig. 6 .
The reverse will be true for V negative. The EFG mayz z
be expressed as the sum of the EFG1s arising from the 
electronic configuration about the nucleus ((3va^) r and
the EFG arising from the charge distribution of neighbouring 
ions in the lattice (Q^at^ *
q = !|£ = (1 - R) + (1 - Y j q lat (27)
Where R and y m are the Sternheimer shielding and anti-
127shielding factors . For high-spin iron(n); the values 
are 0.8 and 12 for (1-R) and (1- y^) respectively.
High-Spin Iron(III)' and Low-Spin Iron(II) Systems
5 6The half-filled shell of an octahedral high-spin 3d ( S)
ferric ion is spherically symmetric and low-spin ferrous
6 1behaves similarly as a result of its t^g ( A) config­
uration in the ground state. This is shown in Fig. io
(a) and (b), and these configurations give no valence 
contribution to the EFG, thus:
q = (1 - *„><Iiat.
The small value of quadrupole splitting which may be 
observed is due to the EFG which arises from q^at* 
Values of AE range from zero for a cubic environment to 
^1.5 mm s ^  for non-cubic one, the usual range lying 
between 0.3 to 0.7 mms
High-Spin Iron(II) and Low-Spin Iron(III) Systems
6 5A high-spin 3d ( D) ferrous ion has one electron out­
side the spherically symmetric half-filled shell as
Fig. 10 Energies of d-orbitals, and the ground state 
occupancy schemes for
(a) low-spin ferrous in octahedral coordination;
(b) high-spin ferric in octahedral coordination;
(c) high-spin ferrous in octahedral coordination;
(d) low-spin ferric in octahedral coordination.
shown in Fig.10 (c). This single electron gives
rise to a large EFG which produces large AE values
-1 5ranging from 1.5 - 3.6mms . The low-spin d ferric
ion can be visualised as a single electron hole (i.e.
an electron missing from a complete^ 2 ^ level) as shown
in Fig. 10 (d). The principal contribution to electric
field gradient comes from <3va2_ and is largely temperature-
dependent.
Magnetic Hyperfine Interaction
A nucleus having an angular momentum quantum number I 
has a magnetic moment yn given by:
y = g 3 I (28)n 3n n
where yn is the nuclear magnetic dipole moment,
8n is the nuclear magneton,
gn is the nuclear gyromagnetic ratio (or
nuclear g-factor).
This magnetic dipole moment interacts with local or
applied magnetic fields at the nucleus and the degeneracy
of the nuclear level is removed. This interaction,
which causes the nuclear level to split into 2 1 + 1
equally spaced nuclear sub-levels, is termed the
nuclear Zeeman splitting’*'20, and forms the third
important hyperfine interaction in Mbssbauer spectroscopy.
The magnetic field (H) at the nucleus can originate in
131 132 133many ways. A general expression ' ' would be:
H = H + H (29)o n
where Hq is the applied magnetic field at the nucleus 
Hn is the internal magnetic field which is a 
combination of H_, H_ and H_ as shown below
Q  1-1 JJ
Hn = HS + HL + HD (30)
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Hc is usually refered to as the Fermi Contact term andu
arises from the interaction of the nucleus with an
imbalance in the s-electron spin density at the nucleus.
Hl is finite if the orbital magnetic moment of the parent 
atom is non-zero.
HD arises from the dipolar interaction of the nucleus with 
the spin moment of the atom.
134
Magnetic Splitting When Quadrupole Interaction is Zero 
Consider the case of iron foil which is a magnetically 
ordered system when the effective field H is equal to 
the internal magnetic field Hn «
The Hamiltonian which describes the magnetic dipole
135
hyperfine interaction is .
Where H is the magnetic field
The Hamiltonian matrix is diagonal with 21 + 1 eigen­
values given by ^
Where Mj is the.magnetic quantum number representing the 
Z component of I, i.e. = I, 1-1, ---- , “I.
It can be shown that each nuclear level of quantum 
number I is split into (21 + 1) levels. Thus, in the
E = — g B H M t m n n I
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57Fig. 11 Magnetic splitting for Fe with zero AE, 
and the resulting Mtissbauer spectra 
(random field)
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57case of Fe, the ground state (I = h) is split into
two substates separated by an amount 3 = an(  ^ the
3excited state (I = -^) into four substates separated by 
a = 9 i$nH, where gQ and g^ are the nuclear g-factors 
for the ground and excited states respectively. The 
resulting splitting is shown in Fig. 9. The allowed 
transitions between these magnetic substates are governed 
by the selection rule AM = 0, ± 1. The angular dependence 
of the line intensities is given in Table 1. Therefore, 
for iron foil in which the magnetic domains are randomly 
oriented, the area ratio cf the six lines is 3:2:Is Is 2:3 
as shown in F i g . n .
TABLE 1
Line AM Relative
probability
Angular
Dependence
1 - 1 3 ■|(l+ces2 0 )
2 0 2 3 sin2 0
3 + 1 1 |(l+cos2 0 )
4 - 1 1 3 (1+cos2 0)
5 0 2  ^ 2 3 sin 0
6 + 1 3 9 (1+cos2 0) 
4
CHAPTER II 
EXPERIMENTAL TECHNIQUE
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Similar apparatus and preparative techniques to those 
described by King^were employed in this study.
Preparative Methods
Owing to the extreme sensitivity of the compounds studied in 
this work towards oxygen in solution and as solids it was 
necessary to deoxygenate all solvents before use, and all­
preparations and manipulations were carried out under nitro­
gen or in a vacuum. The apparatus used (Fig. 1 2 ) was similar
137to that described previously .
B.T.S. catalyst (supplied by the B.A.S.F. Co. Ltd.,) was 
used to remove any last traces of oxygen-free nitrogen.
This catalyst is essentially finely-divided copper oxide 
deposited on an inert carrier. It was supplied in the 
oxidized form. After crushing it was placed in the glass 
tube through which nitrogen was to pass before entering 
the apparatus (Fig.1 2 ), and reduced by heating at 140o-160°C 
while hydrogen flowed through. The water formed drained 
from the column into a container as the reduction proceeded. 
Purified nitrogen could either enter the apparatus by 
opening tap (1 ) and closing tap (2 ), or be allowed to 
escape into the atmosphere by closing tap (1 ) and 
opening tap (2 ) while the apparatus beyond tap (1 ) was 
being evacuated. The apparatus shown in Fig. 13 was used 
to isolate air-sensitive complexes. The suspension of the 
complex was allowed to pass through a hollow plunger made 
from a glass syringe B which was vacuum tight when greased.
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The complex was collected on the filter pad A, and the 
solid, when dry was broken up with the plunger paddle 
which was rotated laterally and vertically using the 
syringe. The powdered solid was shaken into the Pig 
(P), and packed into the tubes which were then sealed 
off under vacuum.
Preparation of Nitric Oxide
The apparatus used for the preparation of metal-nitrosyls
from nitric oxide is shown in Fig. i4. The method was
136
similar to that described by King , in which an aqueous 
solution of iron(II) sulphate heptahydrate (463 g/L) in 
normal sulphuric acid, from dropping funnel (A) was 
mixed in flask (C) with normal sodium nitrite from (B).
The nitric oxide generated passed through trap (D), 
which was cooled with solid carbon dioxide in methylated 
spirits, to remove higher oxides of nitrogen and moisture, 
or it could be stored over 12 N sodium hydroxide in (E). 
The gas burette (F) and the reaction vessel, which 
was attached at (G), were filled through taps 1, 2 
and 3. The iron nitrosyls (as mentioned in Chapter 3 ) 
were prepared by reacting nitric oxide with the preformed 
iron complexes suspended in 96% ethanol and/or in aqueous 
solution.
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Magnetic Measurements
The Gouy method was used to measure the magnetic
susceptibilities, usually over the temperature range
90-300°K, of the solid compounds, which had been
sealed under vacuum in flat-bottomed pyrex glass tubes
of uniform cross-section (see Fig.16). The construction
138
of the magnetic balance has been described previously f
the temperature being controlled by means of a cryostat
139
of similar type to one described earlier .The sample 
tube was suspended as shown in Fig.15 ,
All the measurements were carried out under nitrogen
which has negligible magnetic susceptibility. The
gram susceptibility x , is given by
y
Xg = 2gLW 
mH
where g = acceleration due to gravity
w = change of weight of solid alone in field
L = length of sample
m = weight of sample
H = field strength
and W = + W 2
Where = increase in weight of the tube containing 
the solid on the application of H, and is the 
decrease in weight of the empty tube in H.
Since the diamagnetism of glass varies with temperature, 
W 2 was determined over the range of temperature studied.
Fig.15 THE GENERAL DIAGRAM OF THE BALANCE AND CRYOSTAT
balance
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The gram susceptibility was multiplied by the molecular
weight to give the molar susceptibility xM * and corrected
for the diamagnetism of the ligands using Pascal's 
140
constants to give the atom susceptibility xA » T^e 
effective magnetic moment yeff, was then calculated 
using the formula
yeff = 2.828 ^ xa *T B.M. 
where T is the absolute temperature.
Infra-red Measurements
Infra-red spectra of nujol mulls were recorded on a 
Perkin-Elmer 577 spectrophotometer, over the range 
4,000 - 200cm The samples were made up and placed 
between potassium bromide, sodium chloride or polythene 
discs in a nitrogen bag.
Reflectance Spectra
Reflectance spectra were recorded at room and liquid 
nitrogen temperatures over the range 30,000 - 5,000cm 
On a Unicam S.P. 700C spectrophotometer. The samples 
were enclosed in a sealed silica cell using the 
apparatus shown in Fig. l6 . Lithium fluoride was used as 
a reference.
X-ray Powder Photographs
Some very fine powder, sufficient to produce a compacted 
sample about 1cm long, was introduced into the X-ray
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Fig. 1 6 . APPARATUS FOR BREAKING SAMPLE TUBE 
UNDER NITROGEN
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capillary tube, using the apparatus shown in Fig.1 6 .
The sample tube was mounted in plasticine on the 
goniometer lead of a Philips camera PW 1024 of radius 
114.83 mm. The sample was rotated about its longitudinal 
axis by a small electrical motor. The photographs were 
taken with copper or cobalt Ka radiation. The positions 
of the lines on the films were measured by using a 
transparent rule with a vernier scale accurate to 0.005 cm.
Mfissbauer Measurements
All Mttssbauer spectra were recorded at Birkbeck College, 
University of London, and calibrated with iron foil.
Analytical Methods 
Iron
All iron analysis were carried out by direct ignition of 
the complex to the oxide Fe 2 0  ^ in silica crucibles at 
800°C. The method was accurate to within 1-2%.
Nickel
The complex (0.3 - 0.4 g) was destroyed by evaporating
3
to dryness with concentrated sulphuric acid ( 1 0 cm ),
concentrated nitric acid (5 cm ) and concentrated
3perchloric acid (2 cm ). The residue was dissolved m
3 3
water ( 2 0 0 cm) and dilute hydrochloric acid ( 1 0 cm )
added. A slight excess of dimethylglyoxime reagent was 
added to the solution at 80° and immediately dilute 
ammonia was added dropwise until also in slight excess.
The resulting suspension was heated at 100° for thirty 
minutes, tested for complete precipitation, allowed to 
cool and then filtered through a sintered glass crucible. 
The precipitate was washed with water and dried to 
constant weight at 1 2 0 °.
Zinc
The complex (about 0.2 g~) was destroyed as in nickel 
determination. The residue was dissolved in water and 
the pH adjusted to 1 0  by the addition of a buffer solution. 
The solution was then titrated with EDTA solution using 
eriochrome black T as the indicator.
Copper
The complex (0.4 - 0.5 g) was destroyed as in the 
nickel determination. The residue was dissolved in
3
distilled water, dilute sulphuric acid ( 1 0 cm ) was
3
added and the solution diluted to 300 cm with distilled 
water. Ammonium bisulphite (prepared by saturating 
a solution of ammonia with sulphur dioxide immediately 
before use, 25 cm3 was added, the solution heated almost
3
to boiling and 1 0 % ammonium thiocyanate (5 cm .) added 
dropwise. The solution was allowed to cool to room 
temperature, and after two hours the precipitate was
filtered off through a sintered glass crucible, washed 
ten times with a cold 0 .1 % solution of ammonium thiocyanate 
containing 0 .0 1 % ammonium bisulphite, and finally with 
2 0 % ethanol until the washings no longer gave a positive 
test for thiocyanate; and dried to constant weight at 
1 2 0 °.
Micro-analyses
The carbon, hydrogen, and nitrogen analyses were carried 
out by the University of Surrey, Micro-analytical Laboratory.
PREPARATION OF LIGANDS
1. Potassium Cyclohexylxanthate
3Potassium hydroxide (20 g) and cyclohexanol (150 cm )
were placed in a round-bottomed flask fitted with a
reflux condenser. The reaction mixture was heated under
reflux for 1 h, allowed to cool to room temperature, and
the liquid decanted from the residual solid into another
3dry flask. Carbon disulphide (20 cm ) was slowly 
added with constant shaking. The resulting pale 
yellow precipitate was filtered off after cooling in
3
ice, and washed with 25 cm portions of ether followed
3
by another 25 cm of anhydrous ether, and dried under 
vacuum.
Found: C, 33.32; H, 5.25%
K C ^ H ^ 0 S2 requires: C, 33.64; H, 5.13%
2. Potassium EthyXxanthate 2 9
A mixture of potassium hydroxide (42 g) and absolute ethyl
3
alcohol (150 cm ) was heated under reflux for 1 h, and 
then cooled to room temperature.
The liquid was decanted from the residual solid, and
3
carbon disulphide (45 cm ) was added with constant 
shaking. The resulting yellow precipitate was filtered 
off, washed twice with ether and once with anhydrous ether, 
and dried under vacuum.
Found: C, 22.83; H, 3.05%
KC2 Hj_OS2 requires: C, 22.46; H, 3.12%
3. Po t a sslum Methylxanthate 29
The procedure used in (1) and (2) was followed in the
preparation of potassium methylxanthate using 50 g, of
3potassium hydroxide, 2 0 0  cm of methyl alcohol and 
3
50 cm of carbon disulphide.
Found: C, 16.77, H, 2.17%
KC2 H 2OS2 requires: C, 16,40, H, 2.05%
i4i
4. Potassium 0 0 1-Dicyclohexyldithiophosphate
Finely ground phosphorus pentasulphide (22.2 g., 0.1 mole)
3
was suspended in benzene ( 1 0 0 cm ), and cyclohexanol 
(40*1 g ., 0.4 mole) was added gradually with stirring 
while the reaction temperature was maintained at 75-80°. 
Stirring was continued for about 1 h after completion 
of the alcohol addition; then the mixture was filtered 
to remove unreacted phosphorous pentasulphide. An 
equivalent amount of 50% aqueous potassium hydroxide 
was added with stirring to the reaction mixture after 
the addition of ethanol ( 2 0 cm per mole of the salt) to 
prevent the potassium dithiophosphate from caking on the 
side of the flask. The mixture was then distilled until 
all the alcohol and water had been removed and the potassium 
salt was filtered off.
Found: C, 43.79; H, 6 .6 6 %
KC12H22°2PS2 rec2uires: c r 43.33; H, 6.62%
5. Potassium 0 0 1 -Pi cyclopen tyId11hi ophosphate 1/11
The procedure in (4) was followed with cyclopentanol.
;Found: C, 39.52; H, 5.97%
KC^0 H^g0 2 FS2 requires: C, 39.43; H, 5.92%
6 . N N f -Ethylenebis(salicylideneimine) ,
An ethanolic solution of ethylenediamine (15.0 g ,
0.25 mole) was added to a boiling ethanolic solution of 
salicylaldehyde (61.1 g , 0.5 mole). The yellow solid 
(salen) which immediately precipitated was filtered off, 
and recrystallised from 96% ethanol. The yellow crystals 
were dried in air at 1 0 0 -1 1 0 °.
Found: C, 71.54; H, 6.04; N, 10.52%
C16H16N 2°2 rec3u^res: 71.63; H, 6.01; N, 10.44%
7. N N 1-o-Phenylenebis(salicylideneimine)
o-Phenylenediamine (27.0 g , 0.25 mole) in ethanol 
was added to a hot solution of salicylaldehyde (61.1 g , 
0.5 mole). The orange precipitate (salphen) which was 
produced was filtered off, recrystallised from dimethyl- 
formamide, and dried in air at 1 0 0 - 1 2 0 °.
Found: C, 75.85; H, 5.13; N, 8.85%
C20H16N 2°2 rec2uires: 75.91; H, 5.10; N, 8 .8 6 %
PREPARATION OF METAL COMPLEXES
In the preparations of the iron(II) complexes all 
manipulations were carried out under nitrogen or in 
vacuum.
8 . (Salen)iron(II)
An aqueous solution of iron(II) sulphate heptahydrate 
(2.78 g, 0.01 mole) was added slowly to a hot aqueous 
solution of salen (2 . 6 8  g, 0 . 0 1  mole), containing 
sodium hydroxide (0.8 g/ 0.02 mole). The reaction 
mixture was boiled for thirty minutes and then allowed 
to cool. The dark brown solid which precipitated 
was filtered off, washed twice with distilled water, 
once with 96% ethanol and dried under vacuum.
Found: C, 59.39; H, 4.42; N, 8.78; Fe, 17.56% 
FeC;L(5H;L4N202 requires: C, 59.65; H, 4.39; N, 8 .' 
Fe, 17.34%.
9. (Salphen)iron(II) monohydrate
Addition of an aqueous solution of iron (II) sulphate 
heptahydrate (2.78 g, 0.01 mole) to a hot aqueous 
solution of salphen (3.16 g, 0.01 mole), produced a 
dark green precipitate which was filtered off, washed 
twice with water and once with 96% ethanol and dried 
under vacuum. The dry product was olive.
- 76 -
Found: C, 61.09? H, 4.22, N, 7.35, Fe, 14.58% 
F e C ^ H ^ N j O j .H20 requires: C, 61.88? H, 4.16,
N, 7.22? Fe, 14.39%.
10. Nitrosyl(salen)iron
(Salen)iron(II) was obtained as in (8 ). The brown 
precipitate was filtered off and resuspended in 96% 
ethanol in a flat-bottomed flask containing a magnetic 
stirrer. The nitrogen atmosphere was replaced by 
nitric oxide. The reaction was carried out at room 
temperature, the (salen)iron(II) gradually darkened 
and when the nitric oxide up-take was complete, the 
black precipitate was filtered off, washed with acetone 
and dried under vacuum. The product was air- 
stable.
Found: C, 54.62? H, 4.11? N, 1 1 . 7 2 , Fe, 15.54%
Fe C^-H^N^O^ requires: C, 54.46? H, 4.01?
N, 11.93, Fe, 15.86%.
11. Nitrosyl(salphen)iron
(Salphen) iron (II) monohydrate was prepared as in'. (9).
The nitrosyl was obtained as in (10). The greyish- 
brown precipitate was filtered off, washed with acetone 
and dried under vacuum. The product was air-stable.
Found: C, 59.95? H, 3.51? N, 10.43, Fe, 13.79.
Fe C2o H14N 3°3 re(3uires: c > 60.02? H, 3.53? N, 10.50, 
Fe,13.95%.
/
12. Bis(cyclohexylxanthato)iron(II)
Bis(cyclohexylxanthato)iron(II) was prepared by adding 
an aqueous solution of iron(II) chloride tetrahydrate 
(1,99 g, 0,01 mole) to potassium cyclohexylxanthate 
(4,29 g, 0,02 mole). The sticky brown precipitate 
obtained was recrystallized from an acetone-water 
mixture to give a brown solid. The precipitate was 
filtered off, washed twice with distilled water and 
dried by continuous pumping. The compound oxidised 
quickly in air and decomposed slowly even when stored 
in sealed tubes
Found:C, 41.07; H, 5.59? Fe, 13.81%
F e C ^ H 2 2 0 2 S4 requires: C, 41.35? H, 5.41? Fe, 13.76%
13. Bis(cyclohexylxanthato)bis(ethanol)iron(II)
Iron(II) chloride tetrahydrate (1.99 g, 0.01 mole)
3
was dissolved in 80% ethanol ( 1 0 0 cm ) and the solution 
added to a solution of potassium cyclohexylxanthate 
(4.29 g, 0.02 mole) in 80% ethanol. The resulting brown 
solution was allowed to stand at room temperature for 
3 h. and the brown precipitate which formed was filtered 
off, washed once with 80% ethanol and once with absolute 
ethanol and dried under vacuum for 6 h.
Found: C, 43.26? H, 7.09? Fe, 11.33%
FeC^gH^O^S^ requires: C, 43.34; H, 6.82? Fe, 11.22%.
14, Bi s(cyclohexylxanthato)bis(methanol)iron(II)
Addition of iron(II) chloride tetrahydrate (2.98
3
0.015 mole) in 60% aqueous methanol (100cm ) to a
solution of potassium cyclohexylxanthate (6.46g., 0.03
3
mole) in 60% aqueous methanol (100 cm) produced a green 
solution which on cooling gave a green precipitate. The 
precipitate was filtered off, washed with 60% aqueous 
methanol and once with methanol, and dried under vacuum 
for 7 h.
Found: C, 40.34? H, 6.45? Fe, 11.65%
Fe ci6H 3o° 4 S 4 requires: C, 40.86? H, 6.38? Fe, 11.88%
15. Bis(cyclohexylxanthato)bis(pyridine)iron(II)
Iron(II) chloride tetrahydrate (1.99 g, 0.01 mole) in
3
60% methanol (100.cm ) was added to a solution of potassium 
cyclohexylxanthate (4,29 g, 0.02 mole) in 60% methanol
3
(200 cm ). To this mixture an excess of pyridine in 
methanol was added slowly with shaking. A yellow 
precipitate was formed. It was filtered off, washed 
with a water-methanol mixture and with methanol,, and 
dried under vacuum for 7 h.
Found: C, 50.87? H, 5.80? N, 4.66, Fe, 9.97%.
Fe C 24H32°2N 2S4 rec2ulres: c ' 51.02? H, 5.67? N, 4.96,
Fe, 9.90%.
16. Bis(cyclohexylxanthato)bis(3-methylpyridine)iron(II)
On mixing an ethanolic solution of iron(II) chloride 
tetrahydrate (2,98 g f 0.015 mole) with an ethanolic 
solution of potassium cyclohexylxanthate (6,46 g, 0,03 
mdle), a brown solution was formed? on cooling this gave 
a brown precipitate which was filtered off, and washed 
with 50% ethanol. To the resulting brown precipitate, 
an excess of 3-methylpyridine in ethanol was added, and the 
mixture allowed to stand for two hours. The lemon-green 
precipitate which formed was filtered off, and dried 
under vacuum for 6 h.
Found: C, 52.25? H, 6.12? N, 4.62; Fe, 9.31%.
FeC2 gHgg0 2 N 2 S4 requires: C, 52.66? H, 6.08? N, 4.73
Fe, 9.43%.
17. Bis(cyclohexylxanthato)bis(4-methylpyridine)iron(II) 
Potassium cyclohexylxanthate (4.29 g, 0.02 mole) was
3
dissolved in 70% ethanol (100 cm ). To this was added 
iron(II) chloride tetrahydrate (1.99 g, 0.01 mole) 
dissolved in the same solvent (150 cm ). On mixing the 
two solutions a brown solution was formed which on cooling 
gave a brown precipitate. This was filtered off, and 
washed once with 50% ethanol. Then an excess of 4-methyl- 
pyridine in ethanol was added to the precipitate, and the 
mixture allowed to stand for two hours. The resulting 
yellowish-green precipitate was filtered off, washed 
once with absolute ethanol and dried under vacuum for 7 h.
Found: C, 52,47? H, 6.21? N, 4,52? Fe, 9.27%. 
FeC2 gH3 g0 2 N 2 S^ requires: C, 52.66? H, 6.08?
N, 4.73? Fe, 9.43%.
18. Bis(cyclohexylxanthato)bis(3,5-lutidine)iron(II)
Iron(II) chloride tetrahydrate (3,97 g, 0.02 mole) was
3dissolved in 50% ethanol (100 cm ) and added to a solution
of potassium cyclohexylxanthate (8,57 g, 0.04 mole)
’ 3
dissolved in 50%ethanol (200 cm ). This gave a brown 
solution from which a brown precipitate separated on 
cooling. The precipitate was filtered off, washed once 
with 50% ethanol, and an excess of 3,5-lutidine in 
ethanol added. After two hours, the yellow precipitate 
which formed was filtered off, and dried under vacuum for 
8 h. ■ ■
Found: C, 54.96? H, 6.60? N, 4.86? Fe, 8.85%.
Fe C28H40°2N 2S4 requires: C, 54.15? H, 6.45?
N, 4.51? Fe, 9.01%.
Samples of this compound prepared as above gave an
unusual four-peak Mflssbauer spectrum. It was therefore
prepared by the different procedure below which gave
a product with a two peak spectrum. An excess of 3,5-
lutidine was added to iron(II) chloride tetrahydrate
3
(1.99 g, 0.01 mole) in 70% ethanol (100 cm ). A dark 
green solution was formed. To this solution, potassium 
cyclohexylxanthate (4.29 g, 0.02 mole) in 70% ethanol
3
(150 cm ) was added with constant shaking, and this 
produced immediately a yellow precipitate, which was
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filtered off, washed with 70% ethanol and dried under 
vacuum.
Found: C, 52.79; H, 6.89; N, 4.49; Fe, 9.11%.
Fe'C2 qH^qN2 0 2 S^ requires: C, 54.15; H, 6.45,
N, 4.51; Fe, 9.01%. ,
19. Bis(cyclohexylxanthato)bis(3,5-dichloropyridine)iron(II) 
When an ethanolic solution of iron(II) chloride tetra­
hydrate (0.994 g, 0.005 mole) was added to 3,5-dichloro- 
pyridine (1.48 g, 0.01 mole) in ethanol, a dark green 
solution formed. To this solution (2.14 g, 0*01 mole)
of potassium cyclohexylxanthate in 70% ethanol (150 cm ) 
was added with constant shaking and this produced a yellow 
precipitate, which was filtered off, washed twice with 70% 
ethanol and once with absolute ethanol, and dried under 
vacuum for 7 h.
Found: C, 40.41; H, 3.99; N, 3.97; Fe, 8.02%.
Fe 0 2 ^ 2 0 0 2 ^ 0 1 4 8 4  requires: C, 41.01; H, 3.99;
N, 3.99; Fe, 7.96%.
20. Bis(cyclohexylxanthato)bis(iso-quinoline)iron(II)
The addition of iron(II) chloride tetrahydrate (2.98 g,
3
0.015 mole) in 70% ethanol (100 cm ) to potassium
cyclohexylxanthate (6.43 g, 0.03 mole) in 70% ethanol 
3
(150 cm ) gave a brown precipitate. The precipitate 
was filtered off, and an excess of iso-quinoline in 
ethanol was added to it. The resulting yellow precipitate
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was filtered off, washed with 70% ethanol and with 
absolute ethanol, and dried under vacuum for 9 h.
Found: C, 56.73; H, 5.56; N, 3.99, Fe, 8.42%.
Fe C22H36°2N2S4 re(3uireS! C, 57.80; H, 5.42,
N, 4.21; Fe, 8.42%
■ ■ y .
21, Tetraethy1ammonium Tris(cyclohexylxanthato)ferrate(II) 
The complex was prepared by adding an aqueous solution of 
potassium cyclohexylxanthate (6,43 g. 0.03 mole) to an 
aqueous solution of iron(II) chloride tetrahydrate (1.99 g, 
0.01 mole) and tetraethylammonium chloride (1.84 g,
0.01 mole). The brown precipitate which formed was 
filtered off, washed with distilled water and with absolute 
ethanol, and dried under vacuum for 8 h.
Found: C, 48.62; H, 7.64; N, 1.70; Fe, 7.77%.
Fe C 2 9 H5 3 ° 3N S 6 requires: C, 48.91; H, 7.45;
N, 1.97; Fe, 7.86%
22. Tetrabutylammonium Tris(cyclohexylxanthato)ferrate(II) 
The addition of an aqueous solution of potassium cyclo­
hexylxanthate (6.43 g, 0.03 mole) to an aqueous solution
of iron(II) chloride tetrahydrate (1.99 g, 0.01 mole) and 
tetrabutylammonium bromide (3.22 g, 0.01 mole) produced 
a brown precipitate of tetrabutylammonium tris(cyclohexyl­
xanthato) ferrate (II) , which was filtered off, washed twice 
with distilled water and then with absolute ethanol, and 
dried under vacuum for 7 h.
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Founds C, 54.03; H, 8.65? N, 1.58? Fe, 6.76%.
Fe C 3 7 H 6 9 03N Sg requires: C, 53.92? H, 8.38?
N, 1.70? Fe, 6.79%,
23. Bis(2-methyIcyclohexylxanthato)iron(II) monohdrate
Brown b i s (2-methylcyclohexylxanthato)iron(II) monohydrate 
was formed by mixing aqueous solutions of iron(II) chloride 
tetrahydrate (1.99 g,0.01 mole) and potassium 2-methyl- 
cyclohexylxanthate (4.53 g, 0.02 mole). The brown 
precipitate was filtered off, washed twice with distilled 
water, and dried under vacuum for 1 2 h.
Found: C, 42.68? H, 5.97? Fe, 12.51%.
Fe C ^ H ^ O ^ ^ . I ^ O  requires: C, 42,45? H, 6.19?
Fe, 12•36%•
24. Bis(methylxanthato)bis(pyridine)iron(II)
Iron(II) chloride tetrahydrate (1.99 g, 0.01 mole) in
3
50% methanol (150 cm ) was added to potassium
3
methylxanthate (2.93 g, 0.02 mole) in 50% methanol (150 cm ). 
A reddish-brown solution was formed. To this solution an 
excess of pyridine was added. The yellow precipitate 
formed was filtered off, washed with 50% methanol-water 
mixture and then with methanol, and dried under vacuum for 
7 h.
Found: C, 38.94; H, 3.61; N, 6.24? Fe, 13.13%. 
FeC^4 H1 6 0 2N 2 S4 requires: C, 39.22? H, 3.74?
N, 6.54; Fe, 13.05%.
- 04 "
25. Bis(ethylxanthato)bls(pyridine)iron(II)
To a mixture of iron(II) chloride tetrahydrate (1,99 g, 
0,01 mole) and potassium ethylxanthate (3.206 g, 0.02 
mole) in 50% methanol, an excess of pyridine was added. 
The golden yellow precipitate obtained was filtered off, 
washed with 50% methanol-water mixture and then with 
methanol and dried under vacuum for 8 h.
Found: C, 42.19; H, 4.35; N, 5.90? Fe, 12,18% 
F e C ^ H ^ O ^ ^ ^  requires C, 42.08? H, 4.38?
N, 6,13? Fe, 12.25%.
26. Bis(nitrosyl)bis(cyclohexylxanthato)iron 
A solution of iron(II) chloride tetrahydrate (1.99 g,
......................  ... '3  . .
0.01 mole) in 50% ethanol (50 cm ) was added with constant 
stirring under nitric oxide to a solution of potassium 
cyclohexylxanthate (4.30 g, 0.02 mole) in 50% ethanol 
( 1 0 0 cm3).
Two moles of nitric oxide were absorbed per mole of 
iron(II) ion and the dark pink compound which separated 
was filtered off in air quickly, washed with 50% aqueous 
ethanol and with absolute ethanol and dried under vacuum 
for 14 h. This compound decomposed slowly in the air, 
but was stable in sealed tubes.
Found: C, 36.42? H, 4.83? N, 5.33? Fe, 11.73%.
Fe ci4H22°4N 2S4 rec3u:i-res: c / 36.03? H, 4.72;
N, 6.01? Fe, 11.99%.
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27, Tris (ethylxanthato) iron (Til)
An aqueous solution of potassium ethylxanthate (4.81 g, 
0.03 mole) was added to an aqueous solution of iron(III) 
chloride hexahydrate (2,70 g, 0.01 mole). The black 
precipitate which formed was filtered off* washed 
twice with water* once with absolute ethanol and dried 
under vacuum.
Found: C, 25,55? H, 3.53; Fe, 13.21%
Fe C 9 ^i5° 3 Sg requires: C, 25.74? H, 3,57; Fe, 13.32%
28. Bis (nitrosyl)bis(ethylxanthato)iron 115
Tris(ethylxanthato)iron(III) was prepared as in (27).
The black precipitate was filtered off and resuspended 
in 96% ethanol in a flat-bottomed flask containing a 
magnetic stirrer. The absorption of nitric oxide was 
measured at room temperature? two moles of NO were 
absorbed per mole of iron. When the absorption was 
complete, a dark red precipitate separated. The 
precipitate was filtered off quickly in air, washed 
with water and then with absolute ethanol, and dried 
under vacuum. This nitrosyl decomposed in a few days 
even in sealed tubes.
Found: C, 19.37? H, 2.67? N, 7.15, Fe, 15.65% 
F e C g H ^ O ^ ^ S ^  requires: C, 20.09? H, 2.79?
N, 7.82? Fe, 15.56%.
29. Bis(nitrosyl)bis(methylxanthato)iron
An aqueous solution of iron(II) chloride tetrahydrate 
(1.99 g, 0 , 0 1  mole) was added with constant stirring 
to an aqueous solution of potassium methylxanthate 
(2,93 g, 0.02 mole) under nitric oxide. A dark red 
solution was formed, which on reaction with nitric 
oxide changed first to green and finally a reddish-brown 
precipitate was formed. The precipitate was filtered off 
quickly in air, washed twice with water, once with 
absolute ethanol, and dried under vacuum. It slowly 
decomposed, even in sealed tubes.
Found: C, 14.16? H, 1.65? N, 7.95? Fe, 16.72% 
FeC^HgO^N^S^ requires: C, 14.53? H, 1.81? N, 8.48?
Fe, 16.92%.
30. Bis(cyclbhexylxanthato)nickel(II)
An aqueous solution of potassium cyclohexylxanthate 
(4.29 g, 0.02 mole) was added to an aqueous solution 
of nickel(II) chloride hexahydrate (2.38 g, 0.01 mole).
A yellowish-green precipitate was formed. The precipitate 
was filtered off, washed with distilled water, and then 
with acetone, and dried under vacuum.
Found: C, 40.35? H, 5.36? Ni, 14.12%.
NiC!4H22°2S4 re<3uires: C, 41.06? H, 5.38? Ni, 14.35%.
31. Bis (Cyclohexylxanthato)bis(pyridine)nickel(II) 
Yellowish-green bis(cyclohexylxanthato)nickel(II) was 
prepared as in (30). To a suspension of this complex in
50% ethanol, an excess of pyridine was added with 
stirring. The green precipitate which formed was 
filtered off, washed with ethanol-pyridine mixture and 
dried under vacuum.
Found: C, 49.46? H, 5.65? N, 5.08? Ni, 10,22% 
NiC24Hg2°2^2S4 rec2uires 1 c t 50.78? H, 5.64? N, 4.94? 
' Ni, 10,35%.
32. Bis(cyclohexylxanthato)bis(3,5-lutidine)nickel(II)
A similar method as in (31) was used to prepare bis 
(cyclohexylxanthato)bis(3,5-lutidine)nickel(II).
An excess of 3,5-lutidine in ethanol was added to a 
suspension of bis(cyclohexylxanthato)nickel(II) in 
50% ethanol. The pale green precipitate which appeared 
was filtered off, washed with ethanol-3 ,5 -lutidine mixture 
and dried under vacuum.
Found: C, 54.22? H, 6.67? N, 5.01? Ni, 9.42%. 
N K ^ g H ^ g ^ ^ S ^  requires: C, 53.92? H, 6.42?
N, 4.49? Ni, 9.35%.
33. Bis(cyclohexylxanthato)copper(II)
On mixing an aqueous solution of potassium cyclohexyl­
xanthate (4.29 g, 0.02 mole) with an aqueous solution 
of copper(II) chloride dihydrate (1.71 g, 0.01 mole), 
a yellow precipitate was formed. The precipitate was 
filtered off, washed with distilled water, and then with 
acetone, and dried under vacuum.
V  V
Pound: C, 40,37, H, 5.17; Cu, 15.43%.
CuC^4 H 2 2 0 2 S4 requires: C, 40.58? H, 5,32? Cu, 15.50%
34. Bis(cyclohexylxanthato)zinc(II)
The addition of an aqueous solution of potassium cyclohexyl 
xanthate (4.29 g, 0.02 mole) to an aqueous solution of 
zinc(II) bromide (2.25 g, 0,01 mole) produced an off- 
white precipitate. The precipitate was filtered off, 
washed with distilled water, then with acetone and dried 
under vacuum.
Found: C, 40.54? H, 5.19? Zn, 15.47%.
ZnC14H22^2S4 requires: C, 40.41? H, 5.29? Zn, 15.73%.
35. Bis (NN-diethyidithiocarbamato)iron(II)
The air-sensitive, chocolate-brown compound bis(NN- 
diethyldithiocarbamato)iron(II) has been prepared as 
before.
Iron (II) sulphate heptahydrate (5.0 g, 0.018 mole)
dissolved in distilled water (60 cm ) was treated with
a solution of sodium diethyldithiocarbamate (8 . 1  g,
3
0.036 mole) in distilled water (150 cm ). The chocolate 
brown precipitate which separated was filtered off, 
washed twice with distilled water and dried under vacuum 
for 1 2 h.
Found:C, 34.22? H, 5.71; N, 7.98, Fe, 15.54%.
Fe C 1 0 H2qN2 S4 requires: C, 34.08? H, 5.72?
N, 7.96? Fe, 15.84%.
36. Bis(NN-dimethyldithiocarbamato)iron(II)
A solution of iron(II) sulphate heptahydrate (2,78 g,
0 , 0 1  mole) was slowly added with constant shaking to 
a solution of sodium dimethyldithiocarbamate (2 . 8 6  g,
0.02 mole) in distilled water. A light yellow 
precipitate was formed which was filtered off, 
washed twice with distilled water and dried under 
vacuum for 1 0  h.
Found: C, 24.51? H, 4.11? N, 9.67? Fe, 18.65%.
Fe cgH^2N 2 ® 4 ^ec3uires: 24,31? H, 4.08? N, 9.49?
Fe, 18.84%.
37. Bis(o-aminobenzenethiol)iron(II)
Iron(II) sulphate was used for the preparation of this 
compound. However, it was necessary to remove the 
sulphuric acid formed in the reaction in order to obtain 
a pure product. To avoid the formation of hydrated 
oxides of iron from any slight excess of sodium hydroxide 
about 2 0 % deficiency of sodium hydroxide was used and 
the remaining sulphuric acid neutralized with excess 
sodium acetate.
A solution of o-aminobenzenethiol (4.21 g, 0.0393 mole), 
sodium hydroxide (1.28 g, 0.032 mole), and sodium-
3
acetate (1.63 g, 0.012 mole) in 30% ethanol (150 cm ) 
was slowly added to a solution of iron(II) sulphate .
3
heptahydrate (5,56 g, 0.02 mole) in 30% ethanol (150 cm ) 
at 35°. After shaking for forty minutes at 35°, the
- 90 -
pale yellow precipitate obtained was filtered off, washed 
with distilled water, absolute ethanol, and acetone, 
and dried under vacuum for 7 hrs.
Found: C, 47.55? H, 4.11? N, 9.07? Fe, 18.12%.
Fe C 1 2 H 1 2 N 2 S2 requires: C, 47.39? H, 3.98? N, 9.21? 
Fe, 18.12%.
38 . Bis (g-mercaptoethylamine) iron (II)' mofiohvdrate
B-Mercaptoethylamine hydrochloride (4.54 g, 0.04 mole)
and sodium hydroxide (3.20 g, 0.08 mole) were dissolved
3in distilled water (200 cm ). This solution was added 
slowly with shaking to iron (II) sulphate hepta-
3
hydrate (5.56 g, 0.02 mole) in distilled water (100 cm ). 
A deep red colour developed initially, but quickly 
faded upon the addition of all the ligand solution.
Green crystals formed when the solution was allowed to 
stand overnight at room temperature. The solid was
3then isolated by filtration, washed twice with 50 cm .
3 "
portions of distilled water, followed by two 50 cm 
portions absolute ethanol, and dried under vacuum for 
6 h.
Found: C, 21.54? H, 5.67? N, 12.56? Fe, 20.03%. 
FeC4 H^2N 2 S2 .H20 requires: C, 21.23? H, 6.19?
N, 12.38? Fe, 20.47%.
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39. Bis (dicyclohexyldithiophosphate) iron (II) monohydrate 
An aqueous solution of iron(II) sulphate heptahydrate 
(2,78 g, 0,01 mole) was added to potassium dicyclohexyl­
dithiophosphate (6.65 g, 0.02 mole) in distilled water 
(150 cm ), The grey precipitate observed 10 minutes 
after mixing the two solutions was filtered off, washed 
twice with distilled water, and dried under vacuum for
17 h.
Found: C, 43.79; H, 7.09? Fe, 8.47%
Fe C 24H44°4P2S4 ,H2° rec3u:i-res: C, 43.62? H, 6.97?
Fe, 8.46%
40. Bis(dicyclopentyldithiophosphate)iron(II)
On mixing an aqueous solution of iron(II) sulphate- 
heptahydrate (2.78 g, 0.01 mole) and potassium- 
dicyclopentyldithiophosphate (6.09 g, 0.02 mole), 
a grey precipitate was formed. The precipitate was 
filtered off, washed with distilled water and dried 
under vacuum for 14 h.
Found: C, 40.79? H, 6.42? Fe, 9.47%
Fe C2o H36°4P2S4 rec3u:i-res: c / 40.93? H, 6.14? Fe, 9.53%
CHAPTER IV 
RESULTS AND DISCUSSION
Chelates of Five and Six-Coordinated Iron(II) with Xanthate
In 1914, Dubsky et. al. first reported that tris(ethyl-
14 ? 14 3
xanthato)iron(III) and tris(methylxanthato)iron(III)
form golden-yellow, crystalline 1:3 adducts with pyridine
of limited stability to air. Fifty years later, these
144compounds were again reported by Aoki and Yamasaki ,
who suggested that pyridine displaced sulphur ,atoms from
the coordination sphere of the iron opening the FeSCS
145ring. Recently, Saleh and Straub found that the golden
yellow 1:3 adducts of Fe(Mexn)^ and Fe(Etxn)^ with pyridine,
142 143earlier reported by Dubsky, et. al. ' were "most
likely" complexes of iron (II) formed by oxidation of one 
third of the ligand to the disulphide by iron(III) in 
the presence of pyridine.
2[Fe(Rxn)3] + 4 p y --- y 2[Fe(Rxn)2 (py)2] + ROC(S)SSC (S)OR
where R = Et and Me.
The stoichiometry of the solids was not established by 
analysis, but it was assumed that the most likely formula 
was Fe(Rxn) 2 (py^* These complexes were investigated 
as pastes with pyridine for Mflssbauer studies, or in 
solution, by spectroscopic and magnetic measurements.
From the Mfissbauer and magnetic results, they deduced 
that iron(II) species were present. When we became aware 
of these results the present work with the cyclohexyl- 
xanthate ligand was almost complete and seemed to confirm 
Saleh and Straub's deductions because it showed that
bis(substituted-pyridine) adducts and many similar
compounds can be prepared directly from the iron(II)-
xanthate, Fe(Chxn)2 . Furthermore, the present work
was then extended to confirm their deductions by the
direct preparation from iron(II) salts of Fe(Mexn) 2 —
(py)2 and Fe(Etxn) 2 (py) 2 not only with closely similar
magnetic and Mdssbauer parameters to the pastes, but
also with satisfactory elemental analyses, and diffuse
reflectance spectra similar to the reported solution 
145spectra
Magnetic Susceptibility Measurements 
6A high-spin d compound in regular octahedral configuration
5 ....................    -
( T 2g ground term) is expected to have an effective
magnetic moment of ca. 5.4 B.M. at room temperature
which is nearly independent of temperature, but increasing
electron delocalisation and distortion from cubic symmetry
can cause the magnetic moments to be closer to the spin-
52only value 4.90 B.M. For example Holah and Murphy
have reported moments of 4.8 and 5.1 B.M. for a- Fe(Etxn)2~
(bipy) and Fe(Etxn) 2 (1,10-phen) respectively.
The magnetic susceptibility measurements on the cyclo- 
hexylxanthate complexes were carried out over the temp­
erature range 295 - 90 K. The results are given in 
Tables 2 - 13. The plots of reciprocal atomic 
susceptibility and effective magnetic moment against 
temperature are shown in Fig. 17 - 28. The magnetic
TABLE 2
Bis (cyclohexylxanthato)iron(II)
XA x 1 0 “ 6 1/xA T(K) ye
1 0 2 1 0 • 00 293 4.89
11130 89.86 260 4.81
12600 79.34 229 4.81
14280 71.12 197 4.74
16460 61.55 165 4.66
19420 51.50 133 4.54
23000 43.47 1 0 1 4.31
24120 41.47 90 4.17
•"6
Diamagnetic Correction = -218x10 c.g.s.u.
TABLE 3
Bis(cyclohexylxanthato)bis(ethanol)iron(II)
X A  X  i o ' 6 i / x A T (K) ve
1132 0 88.31 293 5.15
12810 78.01 260 5.16
1429 0 69.96 230 5.12
1672 0 59.80 198 5.14
2 0 0 1  0 49.98 167 5.16
2414 0 41.43 134 5.09
3060 0 32.68 106 5.09
3486 0 28.69 93 5.09
6Diamagnetic correction = -286x10 c.g.s.u.
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TABLE 4
XA X lo' 6 i/xA T (K) ^e
1043 0 95.83 294 4.95
11680 85.64 261 4.94
13280 75.29 230 4.94
15640 63.93 196 4.95
18470 54.13 165 4.94
22560 44.32 134 4.92
29260 34.17 103 4.91
34130 29.30 8 8 4.90
Diamagnetic correction = -262xlO~6 c .g.s.u.
TABLE 5
Bis (cyclohexylxanthato)bis(pyridine)iron(II)
XA X 10" 6 VxA T (K) ^e
12030 83.12 294 5.32
13540 73.83 260 5.31
15600 64.09 228 5.33
1 8 0 2 0 55.49 196 5.32
21260 47.03 166 5.31
26310 38.00 134 5.31
34370 29.09 103 5.32
39870 25.08 89 5.33
Diamagnetic correction = -316x10  ^ c .g.s.u.
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TABLE 6
X A x  10" 6 VxA T (K) ye
11590 86.35 294 5.22
13010 76.84 262 5.22
14920 67.03 229 5.23
16340 61.18 2 0 0 5.11
20390 49.05 161 5.12
25360 39.24 129 5.12
32700 30.57 99 5.08
37990 26.32 8 8 5.17
Diamagnetic correction = -340xl0~6 c.g.s.u.
TABLE 7
Bis(cyclohexylxanthato)bis(4-methylpyridine)iron(II)
XA x 10 6 VXa T (K) ^e
11630 85.94 295 5.16
13080 76.47 263 5.24
14560 68.67 230 5.17
17620 56.76 198 5.28
2084 0 47.97 167 5.28
25730 38.87 132 5.21
33450 29.89 103 5.25
37670 26.55 91 5.24
“ 6Diamagnetic correction = -340x10 c.g.s.u.
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TABLE 8
Bis(cyclohexylxanthato)bis(3,5-lutidine)iron(II)
XA x 10 6
rw_  X A U i i L n u u /
1/xA T (K) ^e
1083 0 92.31 294 5.05
12270 81.48 263 5.08
1406 0 71.12 230 5.08
16170 61.81 198 5.06
19270 51.88 166 5.06
23760 42.07 133 5.03
30790 32.48 103 5.03
36630 27.29 8 8 5.08
Diamagnetic correction ;= -36 4x10~ 6 c.g.s.u.
TABLE 9
Bis(cyclohexylxanthato)bis(3,5-dichloropyridine)iron(II)
Y  _ X  10  ^
aA VXA T (K) V
11810 84.62 293 5.26
13160 75.95 261 5.24
14980 66.71 229 5.24
17450 57.29 197 5.24
20350 48.21 166 5.25
25470 39.26 134 5.22
33510 29.84 1 0 2 5.23
38640 25.88 89 5.24
Diamagnetic correction = -387xl0“6 c.g.s.u.
iS
- 
23
1U4
0)
n
VO in r- cvj r*
inm
O
in
in
in,
in
o oo in
I
T
(
K
)
- 105 -
VO
u
in
_i_
•3-
I
cn
_x_
(M O
in
cn
CM
55m
CM
*
SCin
o
bO *CM
rH
0
V
1
in
c~
CM
CM
WOO
5C
VOO
0)
u* \
oo
cn
Oin
CM
oo
CM
O
in
\
O
in
\
o
in
T(
K)
x u o  -
TABLE 10
Bis(cyclohexylxanthato)bis(isoquinoline)iron (II)
XA x 10” 6 1/XA T(K) ye
1096 0; 91.22 294 5.08
1 2 2 7 0  81.44 261 5.06
14090 70.93 229 5.08
16420 60.89 197 * 5.08
19450 51.41 165 5.06
23940 41.76 134 5.06
30690 32.58 105 5.07
35530 28.14 90 5.05
_ C
Diamagnetic correction = -376x10 c.g.s.u.
TABLE 11
B is(2-methyl cyclohexylxanthato)iron(II) monohydrate
XA x 10“ 6 1/xA T (K) ye
7297 137.03 294 4.14
7949 125.80 262 4.08
9006 111.04 229 4.06
10090. 99.03 197 3.98
11780 84.82 164 3.93
13770 72.57 134 3.84
16660 59.99 102 3.68
18600 53.75 87 3.59
— 6Diamagnetic correction = -252x10 q.g.s.u.
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TABLE 12
B i s (ethylxanthato)bis(pyridine)iron(II)
XA x 1 0 " 6 l/xA T(K) y'e
11450 87.30 293 5.18
12760 . 78.33 261 5.16
14570 68.61 229 5.16
16800 59.50 197 5.14
2 0 2 2 0  49.43 165 5.16
24780 40.35 134 5.15
32350 30.91 103 5.16
37420 26.72 89 5.16
”“6Diamagnetic correction = -233x10 c.g.s.u.
TABLE 13
Bis(methylxanthato)bis(pyridine)iron(II)
XA x 10 6 VxA T(K) v
11540 86.61 292 5.19
12940 77.25 260 5.18
14650 68.25 229 5.18
16950 58.97 198 5.18
20350 49.14 165 5.18
25430 39.32 132 5.18
32280 30.97 104 5.18
37360 26.81 90 5.18
—  6Diamagnetic correction = -209x10 c.g.s.u.
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moments of all the base adducts were within the range 
4.9 - 5.4 B.M., and their reciprocal susceptibilities 
followed the Curie law (0 - 0°). Thus the expected 
behavior is generally followed by the xanthate-complexes 
and the high-spin octahedral iron(II) assignment is 
confirmed by the Mdssbauer results (see Table 15).
Only the magnetic moments, ye , of Fe(Chxn) 2 an^
Fe(2-Me-Chxn)2 • * ^ 0  decreased significantly over the 
available temperature range (Tables 2 and 11). The 
reciprocal molar susceptibility of these compounds 
obeyed the Curie-Weiss law with Weiss constants 0 of 
51° and 44° respectively. These compounds, from their 
reduced, temperature variable magnetic moments and 
Curie-Weiss behaviour, are believed to be sulphur- 
bridged polymers in which antiferromagnetic interaction 
is present.
The magnetic moments of the pyridine adducts F e ^ M e x n ^ -
(py) 2 and Fe(Etxn) 2 (Py) 2 as solids are very close
145to the values reported for solutions believed to 
contain these species (4.92 and 4.90 B.M. respectively 
at 36°) (See Tables 12 and 13 and Fig. 27 and 28).
Reflectance Spectra
4 2High-spin, divalent iron has a e g configuration
5
and the electronic ground term D. No other quintet
_ 5state is present. m  octahedral symmetry the D level
5will, split into an orbital T 2 g ground level and an
5orbital doublet E excited level. Octahedral, high-
spin iron (II) complexes are expected to exhibit one
5 5weak transition, T 0 E . in the near infra-red
2 g g
region, but distortion from octahedral symmetry 
frequently causes two bands or one very broad and 
asymmetric band to be present.
J^rgensen^^ and Furlani'*’^ ,  have studied the absorption
24-
spectrum of the pale green ion Fe(H2 0 )^ which shows
a double peak at 1 0 , 0 0 0  cm ^ with a number of small
peaks begining at 20,000 cm ^ and upward. The double
5 5peak is identified as the transition T 2 g -*■ E^ split 
by approximately 2000 cm ^ due to the Jahn-Teller 
effect. The small peaks are due to the transitions
% g  ^ 3 t 1 9 ' S g  etc-
- 1
Most spectra of the iron(II)-xanthates contained two 
bands or one very broad band in the region of 1 0 , 0 0 0  cm 
The spectral data (Table 14) therefore suggest distorted 
octahedral structures for the iron(II)-xanthates, the 
distortion being greatest in the base adducts as 
these generally show two distinct absorptions near to 
10,000 cm The absorptions are at lower frequency 
in the spectra of the tris(xanthates) as would be 
expected if S replaces 0- or N-donor atoms of bases.
The presence of one broad band at 7200 cm ^ and 10,000 cm ^ 
in the spectra of Fe(Chxn) 2 and Fe(2-Me-Chxn)^• *^0 
respectively indicates that these are distorted, S-bridged 
complexes, possibly with co-ordinated ^ O  in the second
- 114 -
TABLE 14
Reflectance Spectra,
No. Compounds Charge Transfer _n 
(cm )
5 5
2g g _n
(cm )
1 . Fe(Chxn) 2 25,000 s 7200 vb
2 . Fe(Chxn) 2 (EtOH) 2 21,600 sh 1 0 , 0 0 0  w
18,000 m 8,600 sh
3. Fe(Chxn)2 (MeOH) 2 22,800 s 10,400 w
18,000 m 8,600 sh
4. Fe(Chxn)2 (py) 2 21,600 s 11,700 sh
9,400 sh
5. Fe (Chxn)2 (3-Mepy) 2 21,600 s 1 1 , 0 0 0  w
9,000 sh
6 • Fe(Chxn)2 (4-Mepy) 2 2 1 , 0 0 0  s 1 0 , 0 0 0  w
8 , 0 0 0  w
7. Fe (Chxn) 2 (3, 5-(Me) 2 ~PY) 2 2 1 , 0 0 0  s 9,800 wvb
8,700 s h
8 . Fe (Chxn) 2 (3,5-(Cl) 2 py) 2 2 2 , 0 0 0  s 1 0 , 0 0 0  wvb
9. Fe(2-Me-Chxn)2 .H20 18,500 m 1 0 , 0 0 0  shvb
1 0 . Fe(Mexn)2 (py) 2 28,000 s 1 1 , 2 0 0  w
2 2 , 0 0 0  sib 8,700 sh
1 1 . Fe(Etxn) 2 (py) 2 28,000 s 11,500 w
24,000 si 8,400 w
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case. The absorptions in this region were weak and
some times poorly resolved, and for FefChxn^ (isoquinoline)
no peak or shoulders could be detected although the
absorption decreased continuously to lower frequencies.
Cooling to liquid nitrogen temperature had little effect,
so mostly room temperature spectra are presented. Each
compound exhibited intense bands, presumably charge
transfer and ligand absorptions to high frequencies.
Most compounds show a small band at about 5600 cm ^
which was identified as ligand band, (see Fig. 29 - 38)
The reflectance spectra of Fe (Mexn) ^  (pY^ an(  ^F e fEtxn^-
(py)2 are very similar to the solution spectra reported
145
by Saleh and Straub (see Fig. 39 and 40).
Mflssbauer Spectra
Mfissbauer spectra were run on all the compounds at 
300 and 77 K. The parameters are given in Table 15.
The isomer shifts are typical of high-spin iron (II) 
compounds’*"^, and the increase in the isomer shifts 
on lowering the temperature from 300 to 77 K is about 
that expected from the second-order Doppler effect.
The quadrupole splittings of the base adducts (compounds 
3 - 8 )  are approximately 3 mm s **".
All compounds have clean two-peak spectra with the 
exception of compound 6 a the spectrum of which consists 
of two pairs of lines with quadrupole splitting values 
of 3.19 mm s *" and 1.82 mm s ■*" at 77 K. The direct 
implication of this is that there are two types of
TABLE 15
Mflssbauer Parameters for Adducts of iron (II)-Cyclohexylxanthate
No Sample TK X “ 1o mm s “ 1AE mm s
1 . Fe(Chxn)2 (EtOH) 2 77 1.08 3.63
300 0.97 3.60
2 . Fe(chxn)2 (MeOH) 2 77 1.09 3.57
300 0.97 3.62
3. Fe(Ghxn)2 (py) 2 77 1 . 0 1 3.11
300 0.89 3.11
4. Fe(Chxn)2 (3-Me-py) 2 77 1 . 0 1 3.11
300 0.92 3.12
5. Fe(Chxn)2 (4-Me-py) 2 77 1.03 2.73
300 0.92 2.03
6 a. Fe(Chxn)2 (3,5-(Me)2 ~ p y ) ^ 77 1.152
2
3.19
300 0 .8 8 2
2
3.2 2
77 1 .0 2 3 1.823
300 o • 00 *£> U
)
1.4 5 3
6 b. Fe(Chxn)2 (3,5-(Me)2 ~py)2 1 77 0.99 3.08
300 0.99 3.08
7. Fe(Chxn)2 (3,5-( C l ) 2 - p y ) 2 77 1 . 0 2 3.63
300 0 . 8 8 3.64
8 . Fe(Chxn)2 (isoquinoline) 2 77 1 . 0 2 3.11
.
300 0.89 3.13
1. See page 80 for preparation
2. Outer pair of lines
3. Inner pair of lines
iron site in the compound. The isomer shifts (1.15 
and 1 , 0 2  m m s ^ )  reveal that both iron sites are 
genuinely iron(II). It is important to notice this, 
because oxidation of the compound could also give 
rise to two iron sites, but one site being iron(III), 
would have a much smaller isomer shift.
Trans- isomers, in general, have larger quadrupole 
splittings than those of the corresponding cis- 
is'omers, so it is reasonable to suggest that these 
iron(II) sites are due to the presence of the trans- 
and cis- isomers. The trans- isomer , presumably, has 
the larger quadrupole splitting value. The spectrum 
of this compound is shown in Fig. 43 and 44. A 
different preparative procedure gave a product (compound 
6b) with a spectrum exhibiting the outer pair of lines 
only. The structures of all compounds in Table 15 are 
unknown, but by analogy with the adducts of bis (dicyclo 
hexyldithiophosphato)iron(II) with nitrogen bases
77(which have trans- configurations from X-ray studies) , 
it can be assumed that these iron(II) -xanthate adducts 
with nitrogen bases probably have trans-configurations.
The Mbssbauer parameters of the pyridine adducts
Fe (Mexn) 2 (py) 2 anc  ^FefEtxn^ (PY^ as solids at
145room temperature are very close to the values reported 
for pyridine pastes of the xanthate believed to contain 
these species as shown in Table 16.
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TABLE 16
Mfissbauer Data At Room Temperature
No. Sample x ” 1o mm s
- 1AE mm s
1 . Fe(Mexn)2 (py)2 (solid) 0.91 3.01
2 . Fe (Etxn) 2 (py) 2 (solid) 0.91 2.93
3. Fe(Mexn) 3 (pyridine paste] 0.94 2.98
4. Fe(Etxn) 3 (pyridine paste] 0.93 2.97
The Mflssbauer parameters of bis.(cyclohexylxanthato)iron (II) 
at 300 and 77 K are given in Table 17.
TABLE 17
MOssbauer Parameters For Fe’Cchxn^
Sample TK x " 16 mm s AE mm s ^
Fe (Chxn) ^ 77 1 . 0 0 2 . 6 8
77 0.99 1.83
300 - 0 . 8 6 2 . 2 0
300 0 . 8 6 1.75
The spectra of this compound consists of two pairs of
lines with moderate quadrupole splittings. The
implication is that there are two types of iron site ,
both genuine iron(II) sites from the isomer shift.
52Holah and Murphy reported that the X-ray powder
photograph of bis (ethylxanthato) iron (II) was different
4from those of the previously reported square planar 
bis(ethylxanthato)nickel(II) and tetrahedral bis(ethyl- 
xanthato)zinc(II). Also the reflectance spectra of 
bis(ethylxanthato)iron(II), reported by the same 
workers, showed the presence of iron(II) with a co­
ordination number greater than four.
The X-ray powder data (Tables 18 - 20) show that 
bis(cyclohexylxanthato)iron(II) is different from the 
corresponding zinc(II) and copper(II) complexes. The 
structures of these are not known but it was hoped 
that if isomorphous relationshipawere found, single 
crystal investigations could have been carried out on 
the air-stable zinc or copper complexes.
The absorption band at 7200 cm ^ in the iron(II) 
compound suggests the presence of essentially six- 
co-ordinated metal ions. The smaller quadrupole 
splitting (1.83 mm s )^ may be due to the presence of 
a six-co-ordinate species which arises by cis-poly- 
merisation. This is supported by the fact that several
compounds of the type R ^ N [ F e ( c h x n ) h a v e  similar 
quadrupole splittings (see Table 23).
This structure also explains the antiferromagnetic 
interaction detected by the magnetic susceptibility 
measurements. The cis- polymeric structure is shown 
below.
S
S
F e
\
F e  F e   F e  F e
/ \/ \/ \/ \/ \
The large quadrupole splitting (2.68 mm s ) could be
due to the presence of an approximately equimolar
amount of a bridged five-coordinate structure achieved
through dimerization. This type of dimeric structure
149 150has been established ' for certain bis(N,N-
dialky l d i t h i o  c a r b a m a t o ) i r o n ( I I ) c o m p o u n d s .
TABLE 18
d-Spacings for Fe(Chxn)^
line d(A°) X1
1 10.76 m
2 10.41 m
.3 9.92 m
4 9.88 m
5 9.26 m
6 9.94 m
7 8.51 vw
8 8 . 0 0 vw
9 7.50 m
1 0 6.96 vw
1 1 6 . 2 0 w
1 2 5.64 vw
13 5.33 s
14 5.08 s
15 4.58
16 4.09 w
17 3.34 s
18 2.42 s
1. Estimated visual intensities
TABLE 19 
d-Spacings for Zn(Chxn)^
line d(A°) I1
1 7.72 s
2 7.41 w
3 7.09 m
4 6.84 w
5 6.54 m
6 6.16 m
7 5.46 s
8 . 4.39 m
9 3.74 m
1 0 3.51 m
1 1 3.09 m
1 2 2.74 s
13 2.40 s
14 1.95 s
TABLE 20 
d-Spacings f or Cu (Chxn)^
line d(A°) I1
1 7.08 w
2 6.59 vw
3 5.75 m
4 5.40 m
• 5 4.47 w
6 3.91 w
7 3.34 m
8 2.13 m
9 1.57 s
Iron(II) Complexes Containing Three Xanthate Ligands
It is significant that xanthate forms ions of the type
[Fe1 1  L^ ] (where L=xanthate), which can be obtained as
solids with large cations such as tetraalkylammonium.
52
Holah and Murphy have reported the synthesis and some 
properties of ethylxanthate complexes [M (Etxn)
(where M=Mn and Fe) .
Like most other high-spin iron(II) compounds, the salts
151 77are air-sensitive. Dithiocarbamates and dithiophosphates
are also known to form this type of compound. In this
work the compounds (Et^N) [ Fe (Chxn) and (Bu^N) [ Fe (Chxn)
were prepared.
Magnetic Susceptibility Measurements
Magnetic susceptibility measurements were carried out
over the temperature range 300-80 K (Tables 21 and 22)
and plots of reciprocal atomic susceptibility and
effective magnetic moment against temperature are
shown in Figures 48 and 49. The reciprocal molar
susceptibility of both compoun-ds followed the Curie
law (0  ^ 0°). The room temperature moments of (Et^N)-
[Fe(Chxn)3]and (Bu^N)[Fe(Chxn)are 5.46 and 5.38 B.M.
52respectively. The only other reported magnetic 
moment of an iron (II)-xanthate is 5.5 B.M. at room 
temperature for (Et^N)[Fe(Etxn)3] •
Mflssbauer Spectra
MSssbauer spectra were carried out on the two compounds
at 300 and 77 K. The isomer shifts (Table 23) are
148typical for high-spin iron(II) compounds . The 
increase of the isomer shift at 77 K is about that 
expected from the second-Doppler effect.
TABLE 23
Sample . TK x “ 1o mm s AE mm s ^
(Et4 N)[Fe(Chxn)3 ] 77 1.03 1.97
(Bu4N)[Fe(Chxn)3 ] - 77 1 . 0 2 1.91
300 0.89 1.50
TABLE 21
Tetraethyiammonium t r is (cyclbhexylxanthato) iron (II)
XAX 1 0 ” 6 1//xA T(K) ye
12740 78.47 293 5.46
14330 69.78 261 5.47
16320 61.25 230 5.48
19060 52.46 197 5.48
22910 43.64 164 5.48
28050 35.64 133 5.46
36640 27.29 1 0 2 5.46
42270 23.65 89 5.48
Diamagnetic correction
— 6
= -439x10 c.g.s.u.
TABLE 2 2
TetraDutyiammonium t n s  (cycionexyixantnato; iron \ ii)
XA X 1 0 ""6 1/XA T (K) V
12230 81.72 294 5.36
13850 72.17 261 5.38
15600 64.07 230 5.36
^ 1 8 4 9 0 54.08 196 5.38
22360 44.72 163 5.39
27440 36.44 132 5.38
35690 28.01 1 0 1 5.37
41550 24.06 87 5.38
Diamagnetic correction =
— 6= -534x10 c.g.s.u.
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Reflectance Spectra
These compounds gave a very broad band near 8,000 cm 
The absorption occurs at lower frequency than in the base 
adducts as would be expected if S replaces 0- or N-
donor atoms (see Fig. 50 and 51 and Table 24). Bands
5 -1have been reported at 7,150 and 8,500 cm for (Et^N)—
[Fe (Etxn)
TABLE 24 
Reflectance Spectra
Compound Charge Transfer 
(cm"1)
5 5 T 9g Eg
(cm"1)
(Et4N)[Fe(Chxn)3] 
(Bu^N) [ Fe (Chxn)
20,500 s
20,400 s 
14,800 sh vw
8,400 w 
7,300 sh 
8 , 2 0 0  wvb
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Iron(II) Complexes of Dithiocarbamates
Complexes of the type Fe (1*2^ 8 2 ) 2  where R=Et, Me, Pr11, Bu11
152and R 2 =C^Hg have been prepared recently . The compounds 
were re-prepared to confirm the earlier data, and for 
Mfissbauer and .X-ray powder investigations which had 
not been carried out.before.
Magnetic Susceptibility Measurements
The results of magnetic susceptibility measurements 
(90-295 K) are listed in Tables 25, 26 and 27. The 
plots of reciprocal atomic susceptibility and effective 
magnetic moment against temperature of bis(diethyl- 
dithiocarbamato)iron(II) and bis(dimethyldithiocarbamato) 
iron(II) are shown in Fig. 52 and 53. The large 
variation with temperature of the magnetic moments 
(Table 25) is due to antiferromagnetism,* however, 
bis(dimethyldithiocarbamato)iron(II) and bis(pyrrolidyl- 
dithiocarbamato)iron(II) obeyed the Curie-Weiss law with 
Curie-Weiss constants 0 = 78° and 38° respectivelyy and 
the other iron(II) complexes, bis(diethyldithiocar- 
bamato)iron(II), bis(dipropyldithiocarbamato)iron(II), 
and bis(dibutyldithiocarbamato)iron(II), exhibit Neel 
points at 110, 185 and below 85 K respectively.
153It has been shown that_the atomic susceptibility 
Xa of the metal atom for compounds in which intra- 
molecular antiferromagnetic interactions occur can be
TABLE 25
Magnetic, Mfissbauer and Reflectance Spectra Data
Complex ^e
(BM)
0 °
6 AE 5t„ + 5e„ 
2 g g
295 89 (mm £5“-L) cm” 1
Fe (Me2NCS 2 ) 2 4.84 3.97 78 1 . 0 0 2.56 8600 m 
6200 s
Fe(Et2NCS 2 ) 2 4.42 2.78 0.87 4.19 .9500 m 
5800 w
Fe(Pr2NCS 2 ) 2 5 2 5.25 3.49 0.87 4.20 9800 m 
5900 w
Fe(Bu2 NCS2 ) 2 5 2 5.02 2.79 - 1 . 0 1 3.93 9400 b
152
Fe(C4H 8NCS2)^ 4.66 4.16 38 1 . 0 1 2.27 8400 m 
6000 s
obtained using the equation described by Kambe. This 
equation has been derived assuming no temperature- 
dependent orbital contribution to the magnetic moment.
As compared with the values of xA for the compounds 
under discussion, the value of Na is negligible, hence 
the equation described by Kambe reduces for four unpaired 
electrons to:
v = 3K  f 30+14 x 8+5 x 14+ x 18________  1
A  T *■ 9+7x 8+5 x 14+3 x 18+ x 2 0  *
2 2
where x = exp(J/kT) and K=^S— §—
3k
g = spectroscopic splitting factor
23 -1N = Avogadro constant = 6.23 x 10 mole
-20 -1
B = Bohr magneton = 0.9270 xlO erg. gauss
— 6 — 1k = Boltzmann constant = 1.380x10 erg degree
TABLE 26
Bis(NN-diethyldithiocarbamato)iron(II)
XA X 1 0 “ 6 l/xA T(K) ye
8045 124.29 297 4.37
8 6 6 8  115.36 264 4.28
9157 109.20 231 4.11
9829 101.74 199 3.95
10390 96.23 168 3.73
11080 90.20 136 3.47
11230 89.01 106 3.08
11090 90.09 94 2.88
Diamagnetic corrections = -190x10 ^ c.g.s.u.
TABLE 27
Bis (NN-dimethyldithiocarbamato)iron(II)
\£>1o
 
1—
1X<X i/xA T(K) ve
9845 101.60 295 4.82
10945 91.36 260 4.77
11942 83.75 230 4.71
13459 74.29 199 4.63
15102 6 6 . 2 2 166 4.47
17382 57.54 135 4.35
20292 49.28 103 4.11
.21891 45.68 95 4.10
— 6Diamagnetic correction = -142x10 c.g.s.u
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K= S L o i  = g 2x 6 . 23x 1023x  (0. 9 270xlO~20) 2 = „2
3 k 3 x 1 .3 8 0 xl0 “ -^t) u.xzdi g
and g I 0.1251
Substitution of the values of g and J (R = Me, J = -7.6 cm **", 
g = 2.13; R = Et, J = -16.7 cm”1, g = 2.15; R- = C^Hg,
J = -4.2 cm g = 1.97) in the expression for magnetic 
interaction in a binuclear molecule with S = 2 above, 
approximately reproduced the magnetic behaviour of 
these compounds, but unrealistically high g values
— I T\
(g - 2.5, J ^ -20cm ) were required when R = Pr or
Bu11 to obtain even moderate agreement, indicating, as 
do the room temperature moments, that considerable 
orbital contribution was still present.
Mflssbauer Spectra
Mfissbauer measurements were carried out at liquid
nitrogen temperature and the parameters are given in
Table 25. All the spectra comprised clean quadrupole
doublets indicating that neither oxidation nor hydrolysis
had taken place in course of preparation or during
transfer to the spectrometer. The isomer shifts are
148
typical of high-spin iron(II)
As with many high-spin iron(II) complexes, appreciable 
quadrupole splittings were' observed. This is due to 
a valence contribution to the total electric-field 
gradient generated by the extra electron over the half-
field d shell. The quadrupole splitting is sensitive to
substituent R in the ligand R 2N-CS2 . It was found that
when R = Me, or R 2 = C4H8' the quadrupole splitting was
smaller 2*5 mm s than for R = Et, Pr11, and Bu11,these
complexes having splittings of ^ 4 mm s These
different quadrupole splittings can be correlated with
structure. X-ray powder photographs (Table 28) confirmed
that the diethyl derivative was isomorphous with the
154copper(II) analogue of known structure . It is also 
clear from the X-ray powder photographs that the 
dimeric^ Cu (Pr!J NCS 2 ^ 2  anc  ^F®(p^nNCS 2 ) 2  are isomorPh°us 
(Table 29). Large quadrupole splittings are therefore 
associated with the axially bridged dimeric structure.
This structure leads to strong intramolecular antiferro­
magnetic coupling which is reflected in the paramagnetic 
susceptibility measurements. The Me and C4Hq comP^ -exes 
have structures different from the dimeric series. 
Paramagnetic susceptibility measurements show metal- 
metal interaction but it is much lower than in the 
complexes considered to be dimers. The quadrupole 
splittings are lower than those of the established anti- 
ferro magnetic dimers with the axially bridged five co­
-ordinate structure. The lattice and valence contributions 
in octahedral high-spin ir<?n(II)' complexes normally oppose 
one another and the observed quadrupole splittings seldom 
exceed 3 mm s The fall in quadrupole splitting from 
4.19 observed for the five-co-ordinate Et derivative to 
2.27 and 2.56 mm s ^ observed for the C^Hg and Me
TABLE 28
M(Et2NCS 2 ) 2
Fe . Mn 1 Cu
d (A°) I d(A°) I d(A°) I
8.62 s 10.95 s 8.76 s
9.44 s
7.56 s 7.58 m 7.60 s
7.12 s 6.73 w 7.18 s
6.05 s 6.17 m 6.15 s
5.01 m 5.74 m 5.20 vw
4.84 m 4.97 w 4.88 m
4.57 m 4.53 s 4.57 m
4.35 m 4.34 m
4.16 s 4.21 s
3.58 s 3.65 w 3.70 s
1. Recorded by Mr. M. W. O'Donoghue
TABLE 29
M(Pr^ NCS2
*2
Fe Mn 1 Cu
d(A°j I d(A°) I d(A°) I
10.15 s 10.52 s 1 0 . 2 2 s
9.18 w 9.54 m 8.99 m
7.76 s 8.17 s 7.90 m
7.63 m 7.31 m
6.71 w ✓ 6 ; 9 8 m 6.83 w
5.81 w 5.95 m 5.76 w
5.18 w 5.30 w 5.15 w
4.70 m 4.83 m 4.46 w
3.96 m 4.07 s 3.96 m
3.67 s 3.76 s 3.65 m
3.38 m 3.46 m
3.07 w 3.06 s
TABLE 3-0
Fe(Bu2 NCS2 ) 2
d(A)° I
1 1 . 2 0 s
8 . 2 0 m
7.08 m
5.68 w
5.27 vw
4.44 m
4.07 s
3.86 vw
3.68 w
derivatives is caused by a change in structure from 
five-to six-co-ordinate, the latter being attained 
by cis-polymerisation. The Mflssbauer spectra at 4.2 K 
showed a magnetic hyperfine splitting in zero applied 
field so the ground states of these molecule are magnetic. 
This evidence points strongly to octahedral co-ordination 
about the metal, necessitating more extensive polymerisation 
than in the dimers.
More evidence comes from the X-ray powder investigations
(Tables 31 and 32) which confirmed the Me and C^Hg
derivatives to be isomorphous with manganese (II)
analogues. These are very likely to have six-co-ordinate
67 6 8polymeric structures, from recent studies ' . The
TABLE 31
M(Me2NCS 2 ) 2
Fe Mn 1 Cu
d(A°) I d(A°) I d(A°) I
7.73 vs 8.29 vs 8.05 s
7.08 s 7.44 s 7.46 s
6.39 s
5.46 s 5.62 m 5.83 w
4.70 w 3.93 w
4.43 vw 4.46 vw 3.71 w
3.59 m
3.91 m 3.85 m 3.45 w
3.25 w 3.19 s
3.13 m 3.17 w 3.10 w
2.96 s 3.02 m 2.95 w
2.90 vw 2.83 w
2.78 vw 2.81 w 2.57 w
2.59 w 2.63 w 2.38 m
TABLE 32
m(c 4 h8 ncs2 ) 2
. 1
Fe Mn
d(A°) I d(A°) I
9.30 vs 9.78 s
7.63 s 7.70 m
5.83 s 6 . 0 0 m
4.98 V7
4.75 s 4.75 m
4.15 w
3.96 s 4.03 m
3.31 s 3.32 m
3.08 w
2.92 s 3.00 m
2.73 m
2.34 s
manganese(II) compound, Mn(Et2NCS2 )2 / has been shown
6ft
from a single crystal investigation to be a six-co-
is
ordinate polymer, and so it*inferred that the other
manganese(II) complexes are six-co-ordinate. The
67 68powder and single crystal investigations show that
43
the earlier report that Mn(Et2NCS2 ) 2  i-s isomorphous 
with the corresponding dimeric copper(II) and iron (II) 
compounds is in error.
Reflectance Spectra
The reflectance spectra are typical of high-spin iron(II). 
The greater separation of the two bands (MOOOcm ^) in 
the spectra of dimeric bis(diethyldithiocarbamato) 
iron (II) and bis(dipropyldithiocarbamato)iron(II), 
indicates greater distortion than in the octahedral 
polymers, bis(dimethyldithiocarbamato)iron(II) and 
bis(pyrrolidyldithiocarbamato)iron (II), where the 
separation was ^ 2000 cm ^ (Table 25 and Fig. 54 and 
55)• The relative intensities of the bands were 
reversed in the two sets of complexes.
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Investigations of other S-Donor Ligands
Iron(II) Complexes of dicyclohexyl-and dicyclopentyl- 
dithiophosphate, o-aminobenzenethiol and 2 -mercapto- 
ethylamine have been prepared.
Magnetic Susceptibility Measurements
Magnetic susceptibility measurements (Tables 33 - 3 6 ) 
were carried out on the compounds over the temperature 
range 293 - 8 8 K. The plots of reciprocal atomic 
susceptibility and effective magnetic moment against 
temperature are shown in Fig. 56 - 59.
The magnetic moments, ye , of bis(dicyclopentyldithio- 
phosphate) iron (II) and bis(dicyclohexyldithiophosphato) 
iron(II) monohydrate (Tables 33, 34 and 37) were close 
to the spin-only value (4.90 B.M.). Both compounds 
obey the Curie law ( 0 ^ 0 )  in the temperature range 
covered. Bis(o-aminobenzenethiol)iron(II) and bis (2- 
mercuptoethylamine)iron(II) monohydrate showed antiferro­
magnetic interaction (Fig. 58 and 59) which suggests a 
six-co-ordinate structure involving bridging sulphur 
atoms. The Neel point, i.e. the temperature at which 
^ the interaction energy is comparable to the thermal
energy was found at 138 K for bis(o-aminobenzenethiol)
17iron(II), as found earlier (see Fig. 58).
TABLE 3 3
Bis (dicyclopentyldithiophosphate)iron(II)
xAx i c T 6 1/XA T (K) y e
10510 95 .12 293 4.96
11650 85 .79 260 4.92
13420 74.47 228 4 .94
15540 64.33 194 4 .91
18360 54.45 164 4 .9 0
22470 44 .48 134 4 .9 0
29410 33.99 102 4.89
3400 0 f 29 .40 88 4.89
Diamagnetic correction == - 3 5 7 x l o ” 6 c.g.s.u.
TABLE 3 h
Bis (dicyclohexyldithiophosphato)iron(II) monohvdrate
XA x 10-6 V x A T (K) ^e
10730 93.17 294 5.02
12040 83 .00 262 5 .02
13890 71 .95 228 5.03
16180 61.79 197 5.04
18880 52.96 168 5.03
23440 42.64 135 5.03
32790 30.49 98 5.06
35970 27.79 88 5 .03
Diamagnetic correction = - 4 0 4 x l 0 ~ 6 c.g.s.u.
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TABLE 3 5 
Bis(o-aminobenzenethiol)iron(II)
XA x 10“ 6 1/XA T(K) ye
68280 146.45 294 4.01
71390 140.07 265 3.88
73170 136.66 231 3.67
76990 129.88 198 3.49
79860 125.20 167 3.26
81960 122.00 135 2.97
8002 0 124.96 106 2.60
78080 128.06 92 2.39
“6Diamagnetic correction = -148x10 c.g.s.u
TABLE 36
B i s (2-mercaptoethylamine)iron(IT) monohydrate
XA x 10“6 VxA T(K) ve
8297 0 120.52 294 4.41
86630 115.43 260 4.24
9012 0 110.95 230 4.07
96280 103.86 196 3.88
1012 0 98. 74 167 3.67
10970 91.11 133 3.41
11900 83.98 102 3.11
1219o 82.13 93 3.01
Diamagnetic correction = -113xl0”6 e.g. s
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Mflssbauer Spectra
Mfissbauer spectra were run on the compounds at 300 and 
77 K. The parameters are given in Table 37. All 
compounds have clean two-peak spectra. The isomer 
shifts are typical for high-spin iron(II) compounds.
Large quadrupole splittings are associated with highly 
distorted structures.
Reflectance Spectra
The reflectance spectra at room temperature of the 
dithiophosphate complexes are shown in Fig. 65 and 66
and Table 3 7.. Both compounds show an absorption at
-1 5 ^^ 9300 cm which is assigned to the T~ -*■ ~E transition.
^y y
The reflectance spectrum of bis(o-aminobenzenethiol)-
17iron(II) has been reported before and is similar to
the spectra of other six-co-ordinate iron(II) complexes.
The broad band near 10,000 cm ^ is assigned to the 
5 5Eg transition. Similarly, bis (2-mercaptoethyl-
amine) iron (II) monohydrate show a broad band at about
-1 5 511,200 cm is assigned to T 9 -»■ E transition (see^y y
Fig. 67).
Structures
The large quadrupole splittings suggest considerable 
distortion from octahedral symmetry, perhaps five-
co-ordinate dimeric structures as in certain of the
iron(II)-dithiocarbamates. However, it is surprising
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TABLE 37
Magnetic, Mflssbauer, and Reflectance Data
Complex
y (BiM.) Neel
Point
6 mms ^ A e  mms ^
V  5e 
2g g
-l
cm293 88 77 300 77 300
Fe[(0-C-pentyl)2PS2^2 4.96 4.89 1.03 3.70 9300 m
Fe [(0-Ch) 2PS21 2 *H2° 5.02 5.03 1.04 0.90 3.76 3.69 9300 m
Fe (NH2CH2CH2S).H20 4.41 3.01 0.88 0.78 3.79 3.58 11200 m
Fe(C6H4NH2S)2 4.01 2.39 138 10000
that no magnetic interaction was found with dithiophosphate 
complexes, and this may be due to a larger iron-iron 
separation in these compounds. Further investigations 
are necessary.
Investigations of Some Iron Nitrosyls 
Nitrosyl-Xanthate Complexes of the Type Fe(Rxn)  ^ (NO)^
Nitric oxide is known to form many compounds with dithio-
carbamato-complexes of transition metals, but the only
known nitrosyl containing xanthate is bis(nitrosyl)—
112 115bis(ethylxanthato)iron ' . There are brief reports
that it can be prepared by reaction of nitric oxide 
with tris(ethylxanthato)iron (III), but no physico­
chemical studies of the compound were carried out.
Therefore this compound and the similar new compounds 
Fe(Mexn)2 (NO) 2 and Fe(Chxn)^ (NO)^ have been prepared 
and investigated.
Magnetic Susceptibility Measurements
Magnetic susceptibility measurements showed the 
compounds Fe (Chxn) ^  (NO) ^  t Fe (Mexn) 2 (NO) ^  / anc  ^Fe (Etxn) 2 (NO) ^  
to be essentially diamagnetic. They all have fractional 
magnetic moments (see Tables 38, 39 and 40) , which 
may be due to either temperature-independent paramagnetism, 
or the presence of traces of a paramagnetic compound of 
iron in quantities too small to be detected analytically. 
^-Temperature-independent paramagnetism leads to a linear 
plot of ye against absolute temperature, and this was 
approximately true for the ethyl- and methyl-nitrosyls, 
but there was some departure from linearity with the 
cyclohexyl-nitrosy1.
- 169 V-
TABLE 38
B i s ( n i t r o s y l ) b i s ( c y c l o h e x y l x a n t h a t o ) i r o n
XA x 10“6 T(K) ye jf T(K)
373 294 0.94 17.2
419 263 0.94 16.2
509 230 0.97 15.2
509 199 0.94 14.1
555 168 0.86 12.9
745 132 0.88 11.5
872 104 0.85 10.2
781 93 0.76 9.6
—6Diamagnetic correction = -238x10 c.g.s.u
T A B L E  3 9
B i s ( n i t r o s y l ) b l s ( e t h y l x a n t h a t o ) i r o n  
XA  X lo"6 T ( K )  ve / t ( K )
55 295 0.36 17.2
58 259 0.35 16.1
62 230 0.34 15.2
63 196 0.31 14.0
66 166 0.30 12.9
70 132 0.27 11.5
73 103 0.25 10.1
76 89 0.23 9.4
—6Diamagnetic correction —  -153x10 c.g.s.u
Mfissbauer spectra Fig. 68 and 69, also exclude the 
presence of small amounts of impurity, because they 
show clear quadrupole doublets indicating that little 
oxidation, hydrolysis or decomposition had taken place 
in course of preparation or during transfer to the 
spectrometer.
Mflssbauer Spectra
Mftssbauer spectra were run on Fe(Chxn)2 (NO)2 at 300 
and 77 K, and on Fe(Mexn)2 (NO)2 , and Fe(Etxn)2 (NO)2 
at 300 K only. The results are given in Table 40.
TABLE 40
Sample TK x "I0 mms AE mms ^ ye (B.M)
Fe (Chxn) 2 (NO) 2 77 0.15 1.24 0.76
300 0.11 1.09 0.94
Fe(Mexn)2 (NO)2 300 0.14 1.34 0.28
Fe(Etxn)2 (NO)2 300 0.16 1.31 0.36
Infra-red Measurements
The spectra of Nujol mulls of the complexes Fe(Rxn)2 (NO)2 , 
where R = Et, Me, and Ch, in the NO stretching region 
are shown in Fig. 70 and 71. The frequencies given 
in Table 41 have been assigned to the NO stretching 
vibration.
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TABLE 41
ligand vn-0 (cm_:L)
Fe (Chxn) 2 (NO) ^ 1842 sh
1830 s
1788 s
1764 s
1749 s
Fe(Mexn)2 (NO) 2 1850 s
1778 s
1700 sh
Fe (Etxn) 2 (NO) 2 1884 m
1780 - 1750 vb sh
The infra-red spectrum of Fe(Chxn)2 (NO) 2 was also
recorded in chloroform, and shows only two major bands
—1 -1at 1830 cm and 1788 cm ; thus the complicated Nujol
spectrum is due to solid state effects. The only 
stable complex in this series is Fe(Chxn)^ (NO)^/ the 
other complexes Fe (Mexn) ^  (NO) 2 and Fe (Etxn) ^  (NO):^ * 
decomposed in a few days as solids, and very quickly 
in solution, so infra-red spectra of these complexes 
in solution could not be recorded. The infra-red spectra 
of the decomposed compounds showed greatly weakened NO 
stretching bands.
Figure 70
(a) Fe(c 6IIii° c s 2 )2
i
2000 1 8 0 0  1 6 0 0  1 ^ 0 0
WAVENUMBER(CM"1)
120C
(b) 'F e <C6H ll0CS2 )2(N0)2
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wavenumber(cm \)
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(c) Fe(C6H ii0CS2 )2 (N 0)2
2000 1800
1 2 0 0
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Figure 71 
(a) f <'(C2H5OCS2 )2 (?JO)2
2000 l8 0 0  1600 1^00 12C0
WAVEtfUMBER(CM” 1)
(b) Fe(CTI30CS2 )2 (N0)2
 L   I I I____________ L
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94 ~1Gans has suggested that the range 1700 - 2300 cm
for the NO stretching frequency is indicative of co-
+ -1 
ordinated NO , and the range 1500 - 1700 cm
represents co-ordinated NO .
Several six-co-ordinate complexes of the type M(NO) 2 (^2^ 1*2 ) 
where M = Fe^0^, and C r ^ '  109/ have been reported,
and since two NO stretching modes occur in the NO
109stretching region these compounds have been regarded
as containing cis- N0+ groups coordinated to zerovalent
113metal ions. However, Btittner and Feltham have studied 
more carefully the infra-red spectrum of Fe(NO)2[s2CN (C2He.)2 
and have suggested that the compound is in fact a nitro- 
derivative of a mononitrosyl iron complex since there 
are bands at 814, 1419 and 1470 cm ^ which are character­
istic of an N02 group co-ordinated to metal via the 
nitrogen atom^^. NMR studies'*'^ prove that the 
complex is cis- Fe CN02) [s 2CN (C2H c.) 2J2 (NO) . The 
xanthate-nitrosyls do not contain bands which could be 
assigned to N02 groups.
The NO stretching frequencies of the xanthate-complexes •
occur in the region 1850 - 1750 cm which is in
94 +the range previously assigned to co-ordinated NO .
These iron nitrosyls could then be said to contain
iron(O) and N0+ . The isomer shifts are comparable
148with the iron(O) formulation . The presence of 
more than one NO stretching vibration suggests a 
cls-configuration for these complexes which appear 
to be genuine iron-dinitrosyls.
Investigation of Schiff's bases - Iron Nitrosyls
The iron(II) complexes of the quadridentate ligands 
salen and salphen, absorbed one mole of nitric oxide 
per mole of complex, within the experimental accuracy 
(see Chapt. 3) .
Quadridentate Schiffs bases such as salen, take up 
effectively planar configurations around bivalent metals 
and the complexes formed are co-ordinatively unsaturated 
The co-ordination number of the metal is increased by 
dimerization (copper (11)3^"*, by combination with bases
1 r r
such as water or pyridine as in cobalt(II) , or by
157 158reaction with small molecules such as oxygen 9 
or nitric oxide^°^Ccobalt (11)1. It has been assumed^0 ** 
that the cobalt- and iron-salen mononitrosyls obtained 
from various Schiff base complexes had similar square- 
pyramidal structure The iron-nitrosyls exhibit 
unusual magnetic behavior which may be related to the 
orientation of the NO group. The nitrosyls were re­
prepared for Mdssbauer investigations which have 
unfortunately not yet been carried out.
Magnetic Susceptibility Measurements
Magnetic susceptibility measurements for (salen)iron(II) 
and (salphen)iron(II) monohydrate were carried out 
over the temperature range 290 - 90 K, and the results 
are given in Tables 4 2 and 43 and Fig. 72 and 73.
TABLE 4 2
(Salen)iron(II)
X A X  i o "6 1/XA T(K) pe
9586 104.33 295 4.75
10310 96.99 267 4.69
11770 .'84 .94 235 4.70
13650 73.22 203 4.70
16550 60.39 167 4.70
20650 48.41 134 4.70
25960 38.52 107 4.71
30320 32.97 92 4.72
Diamagnetic correction = 
TABLE 4 3
-156xlo”6 c.g.s.u
(Salphen)iron (II) - monohydrate
XA * 10~6 1/XA T (K) ^e
11060 90.38 292 5.08
^ 1 2 5 4 0 79.70 258 5.08
14250 70.17 227 5.08
16390 60.99 197 5.08
19000 52.61 169 5.06
22670 44.10 142 5.07
28600 34.96 112 5.06
35710 28.00 90 5.07
Diamagnetic correction = -190xl0~6 c.g.s.u
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The effective magnetic moments, ye , of the compounds 
at room temperature for (salen)iron(II) and (salphen)iron(II) 
monohydrate are 4.76 and 5,08 B.M. respectively. There­
fore the two compounds were high-spin with four unpaired 
electrons in agreement with the earlier results.
The magnetic moments of the corresponding nitrosyls 
of the two compounds at room temperature were
3.66 B.M. , close to the value expected for three
106
unpaired electrons. These and the related nitrosyls
and the recently prepared glycine compound,
15Q
Fe (CI^ (NI^) CO 2 ) 2N0 / are ^ e  only reasonably stable
high-spin iron nitrosyls known. The unusual magnetic 
results, summarised in Tables 44, agree reasonably well 
with those obtained earlier for nitrosyl (salen) iron^^^'^^^ 
and nitrosyl (salphen) iron^^^.
TABLE 44
* ligand ye B.M. Ref.
300 K 80 K
Salen 3.63 2.08
3.61 2.10 106
3.66 1.86 160
Salphen 3.66 1*82
3.65 1.80 160
.....
The salen and salphen nitrosyls did not obey the Curie- 
Weiss law (Tables 45 and 46, Fig. 74-77) and had dis-
TABLE 4 5 
Nitrosyl(salen)iron
X A x  10 6 <
XH T (K) ^e
5632 177.53 293 3.63
6050 165.27 262 3.56
6579 151.98 232 3.49
7313 136.74 201 3.42
7398 135.16 184 3.29
7321 136.58 178 3.22
3594 278.23 173 2.22
3653 273.69 167 2.20
4250 235.24 135 2.14
5292 188.94 106 2.11
5991 166.92 91 2.08
”6Diamagnetic correction = -165x10 c.g.s.u
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TABLE 4 6
Nitrosyl(salphen)iron
XA x- 10“6 1/XA T (K) ve
5723 174.72 294 3.66
6081 164.44 275 3.65
6933 144.22 234 3.60
7698 129.89 194 3.45
6918 144.54 183 3.18
5740 174.20 179 2.94
4975 200.98 176 2.64
4352 229.77 171 2.43
3868 258.50 164 2.25
3504 285.37 153 2.07
3455 289.38 148 2.02
3460 288.95 130 1.89
3510 284.82 126 1.88
4016 248.97 106 1.84
4683 213.51 89 1.82
_ g
Diamagnetic correction = -189x10 c.g.s.u
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continuities in magnetic properties at ^ 173 K and
between ^ 170 - 185 K respectively where the magnetic
moment decreased from that for three unpaired electrons
(S = 3/2) to that for one unpaired electron (S = 1/2).
The magnetic measurements were made from high to low
temperatures, on the complexes studied here, but Larkworthy 
106et.al have shown for nitrosyl(salen)iron that the 
discontinuity occurred at a slightly higher temperature 
when measurements were made in the opposite direction.
The shape of the reciprocal atomic susceptibility against 
temperature graphs (Fig. 74 and 76) for the salen and 
salphen nitrosyls are similar to those in which spin 
equilibria occur.
The two compounds have room temperature magnetic 
moments slightly reduced from the spin-only value 
for three unpaired electrons. The decrease of one in 
the number of unpaired electrons compared with the 
parent complexes is best explained by considering one 
unpaired electron of the Schiff base chelate to be 
paired with the odd electron of nitric oxide.
Infra-Red Measurements __
The infra-red spectra of the (salen)iron(II) and 
(Salphen)iron(II) monohydrate complexes were recorded 
for comparison with the corresponding nitrosyls. The 
spectra of nitrosyls and parent complexes in the
Figure 78
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appropriate region are shown in Fig. 78 and 79. Each 
nitrosyl shows a strong additional absorption compared 
with the parent complex which has been assigned to the 
nitric oxide stretching frequency (Table 4 7). The
infra-red data agree very well with those reported
, . 106, 160 before '
TABLE 47
ligand VN - 0 (cm"1)
Salen
Salphen
1712
1720 (1662 sh)
The nitric oxide stretching frequencies of the nitrosyls
are in the range more indicative of co-ordinated NO
+ —1 than NO i.e. 1750 - 1500 cm . Also the known
crystallographic structure of the square-pyramidal
iron mononitrosyls of system related to salen indicate
a slightly bent Fe-N-0 grouping ^ 170° 100'■ 101/ 161' 162,
characteristic of co-ordinated NO , It has been suggested^"^'
that the salen-iron nitrosyls may formally be regarded as
Fe(III) NO” .
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Bis(dithiocarbamato)iron(n) complexes [{Fe(S2CNR2)2} J  have been found to form tw o classes. With R = Et. 
Prn, or Bun. isomorphous relations with copper(n) complexes of known structure show  that the complexes are 
dimers containing square-pyramidal iron. Considerable antiferromagnetic interaction is present, and the chemical 
isomer shifts and reflectance spectra are characteristic of high-spin Fe11. Very large quadrupole splittings (ca.
4.2 mm s-1 ) have been obtained. These complexes exhibit clean quadrupole doublets at 4.2 K consistent with 
diamagnetic ground states as expected for dimers. This is confirmed by the behaviour in an applied field. When 
R = M eorR 2 = C4H8 no isomorphous relations have been found, but polymeric octahedral structures are suggested 
by the smaller quadrupole splitting (ca. 2.5 mm s-1 ), weaker antiferromagnetism, reflectance spectra indicating 
less distortion, and the complex magnetic-hyperfine splitting at 4.2 K in zero field.
T h is  paper reports the preparation and investigation of 
bis(.ZViV-dialkyldithiocarbamato)iron(ii) complexes, [{Fe- 
(S2CNR2)2}] (R =  Me, Et, Prn, Bun, and R2 =  C4H8). 
While tris(dithiocarbamato) iron (ill) complexes are well 
known because of the spin isomerism1-which occurs in 
many of them, and the complexes [Fe(S2CNR2)2X] (X =  
halogen or NO) have been extensively investigated2 
because of their square-pyramidal structure and associ­
ated properties, very little information 2>3 is available 
concerning the very air-sensitive Fe11 complexes. The 
complex [{Fe(S2CNEt2)2}] has been show n4 to be 
isomorphous with [{Cu(S2CNEt2)2}2] which is known5 to 
be an axially bridged five-co-ordinate dimer; presumably 
the Fe11 complex has a similar structure, (I). Some Fe11 
complexes of this type have been used as reactive 
intermediates 6 without definite identification; while
reported,8-9 but no magnetic susceptibility determin­
ations, reflectance spectra, or further X-ray powder 
investigations were described.
Et2NC^ Fe:' i
\
CNEt2
S 1 s 
Et2NC^ \ ; N E t 2
(I)
E X P E R I M E N T A L
Solvents were deoxygenated before use and all operations 
were carried out under nitrogen w ith  apparatus sim ilar to
T a b l e  1
Analyses (% ) 0 and reflectance spectra 
Analyses ,_____
v (cm q
Complex Colour C H N Fe
[{Fe(S2CNMe2) 2}M] Yellow 24.1 4.0 8.75 19.2
(24.3) (4.1) (9.5) (18.8)
[{F e (S2CNEt2) 2}2] Chocolate 34.5 5.8 6.9 16.0
(34.1) (5.7) (8.0) (15.8)
[{Fe(S2CNPrn2)2}2] Chocolate 41.15 6.9 7.0 13.3
[{Fe (S2NBu n2) 2}jJ
(41.15) (6.9) (6.9) (13.7)
Yellow- 46.05 7.7 5.9 12.3
[{Fe(S2CNC4H8)2}n]
brown (46.5) (7.8) (6.05) (12.0)
Yellow 34.6 4.5 8.1 16.35
(34.5) (4.6) (8.1) (16.0)
Charge transfer«
23 000 (sh), 18 700 (sh), 16 700 (sh) 
[23 600 (sh), 18 700 (sh), 16 700 (sh)] 
19 400 (sh)
[20 600 (sh)]
22 500 (sh), 19 400 (sh), 16 800 (sh) 
[22 200 (sh), 19 200 (sh), 16 700 (sh)]
22 500 (sh), 19 300 (sh), 16 800 (sh) 
[22 700 (sh)]
23 200 (sh), 18 600 (sh), 16 700 (sh) 
[22 400 (sh), 19 900 (sh), 16 700 (sh)]
18 600 (sh)
° Calculated values are given in parentheses. 4 At room temperature; values at liquid-nitrogen temperature 
brackets. «These shoulders are on the side of very broad multicomponent absorptions rising to much higher 
clearly visible at room temperature.
8 600m, 6 200s 
[8 800m, 6 600s]
9 600m
[9 900m, 5 800w *] 
9 800m, 5 900w 
[10 400m, 5 700w]
9 400 b 
[9 600b]
8 400m, 6 000s 
[8 500m, 6 400s]
are given in square 
frequencies. * Not
the present work 7 was being carried out, the Mossbauer 
parameters of several iron(n) dithiocarbamates were
1 R. L. Martin and A. H. White, Transition Metal Chem., 1968, 
4, 113.
2 D. Coucouvanis, Progr. Inorg. Chem., 1970,11, 233.
3 R. H. Holm and M. J. O’Connor, Progr. Inorg. Chem., 1971, 
14, 241.
4 J. P. Fackler and D. G. Holah, Inorg. Nuclear Chem. Letters, 
1966, 2, 251.
5 M. Bonamico, G. Dessy, A. Mugnoli, A. Vaciago, and L.
Zambonelli, Acta Cryst., 1965, 19, 886.
th at described earlier.10 The bis (dithiocarbam ato) iron (ii) 
com plexes (Table 1) were precipitated on  addition of
* L. H. Pignolet, R. A. Lewis, and R. H. Holm, J . Amer. 
Chem. Soc., 1971, 93, 360; Inorg. Chem., 1972,11, 99.
7 B. W. Fitzsimmons, L. F. Larkworthy, and R. R. Patel, 
J.C.S. Chem. Comm., 1973, 902.
8 J. L. K. F. de Vries, C. P. Keijzers, and E. de Boer, Inorg. 
Chem., 1972, 11, 1343.
9 J. L. K. F. de Vries, J. M. Trooster, and E. de Boer, Inorg. 
Chem., 1973, 12, 2730.
10 L. F. Larkworthy, J . Chem. Soc., 1961, 4025.
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aqueous iron(n) sulphate to  an aqueous solution of the  
sodium dithiocarbamate. The solids were filtered off, 
washed several tim es w ith distilled water, dried by pumping 
continuously on them  for ca. 10 h, and were then sealed  
in  vacuo in Pyrex tubes. Several of the suspensions were 
very slow to  filter. The dibutyldithiocarbam ate com plex  
was washed several tim es b y  decantation w ith  water, dried, 
then transferred to  the filter in a nitrogen bag, and washed  
w ith distilled water several tim es before being finally dried. 
The com plexes are much more susceptible to  aerial oxidation  
when wet. T hey were analysed for iron by direct ignition to  
F e20 3.
Physical M easurements.— Magnetic measurements were 
carried out down to liquid-nitrogen tem perature b y  the  
Gouy m ethod, a t several field strengths to  ensure th at 
ferromagnetic impurities were absent. Reflectance spectra 
were recorded at room and liquid-nitrogen tem perature on a 
U nicam  SP 700C spectrophotometer. Mossbauer spectra 
in applied m agnetic fields were obtained by the P.C.M.U., 
Harwell. Spectra at 80 K  were measured using a conven­
tional constant acceleration spectrometer. X -R ay  powder 
photographs were recorded w ith  a Philips camera PW 1024/ 
00 of radius 116.6 mm and copper K a radiation. In  all 
cases precautions were taken to  exclude air, and measure­
m ents were carried out on samples in tubes or cells sealed  
in  vacuo or under nitrogen.
R E S U L T S  A N D  D I S C U S S I O N
Reflectance Spectra.—Octahedral high-spin FeTI com­
plexes are expected11 to show one weak spin-allowed 
d-d  transition, 5T 2g->5Eg, in the near-i.r. region, but 
usually distortion from octahedral symmetry causes one 
very broad and asymmetric band or two bands to appear. 
The dithiocarbamatoiron(u) complexes fall into the 
latter category (Table 1), indicating considerable distor­
tion, greater when R =  Et and Prn where the band 
separation was ca. 4 000 cm-1 than with R =  Me and 
R2 =  C4H8 where it was ca. 2 000 cm-1. The relative 
intensities of the bands were reversed in the two sets of 
complexes, and the lower-frequency band in the spectrum 
of the di-n-butyl complex was so weak that it was 
obscured by ligand bands. The resemblance to the 
spectra of octahedral Fe11 complexes indicates that these 
bis (chelate) complexes have polymeric structures. It is 
suggested below that when R =  Et, Prn, and Bu11 the 
complexes are dimers with approximately square- 
pyramidal co-ordination, and when R =  Me and R2 =  
C4H8 the complexes are octahedral polymers. This is 
consistent with the smaller band separation in the spectra 
of the latter class. Monomeric tetrahedral structures 
are excluded by the fact that Fe11 present in a tetra­
hedral ZnS lattice absorbs 12 at ca. 3 500 cm-1.
The absorptions in the 9 000 cm-1 region were weak by 
reflectance which is perhaps why none was detected9 
for samples of [{Fe(S2CNEt2)2}2] and [{Fe(S2CNPrn2)2}2] 
in KBr discs, although weak bands were occasionally
* 1 B.M. «  9.27 X 10~24 A m2.
11 A. B. P. Lever, ‘ Inorganic Electronic Spectroscopy,’ 
Amsterdam, Elsevier, 1968.
12 G. A .  Slack, F. S. Ham, and R. M. Chrenko, Phys. Rev., 1966, 
152, 376.
found in the disc spectrum of [{Fe(S2CNMe2)2}rt] at 
9 400 and 6 600 cm-1, in reasonable agreement with our 
values. The reflectance spectra of some corresponding 
zinc(n) complexes exhibited intense absorption rising 
steeply from ca. 24 000 cm-1 so that the shoulders (Table 
1) on the intense ligand absorption can be assigned to 
charge-transfer processes.
Magnetic Properties.—A high-spin Fe11 complex in 
regular octahedral configuration (5r ^  ground term) is 
expected to have a magnetic moment at room tempera­
ture well above the spin-only value of 4.90 B.M. because 
of considerable orbital contribution.* The moment is 
not expected to be much reduced or to vary 
over the accessible temperature range even when distor­
tion and delocalisation effects are included.13 The large 
variation with temperature of the magnetic moments 
(Tables 2 and 3) of the iron(n) dithiocarbamates must 
therefore be due to antiferromagnetism. Substitution 
of the values of g and J  [J — —7.6, g =  2.13 (R =  Me); 
J  =  —16.7, g —2.15 (Et); and J  =  —4.2 cm-1, g  =  
1.97 (R2 =  C4H8)] in the expression for magnetic inter­
action in a binuclear molecule with S =  2 approximately 
reproduced the magnetic behaviour of these complexes 
but unrealistically high g values (g x  2.5, J  «  — 20 cm-1) 
were required when R =  Prn or Bun to obtain even
T a ble 2 
Magnetic and Mossbauer data
[Xeit./B.M.
10«
Diamagnetic
  6 correction 0 8 6 AE k
295 89 K °C c.g.s. units mm s_1
4.84 3.97 78 142 1.00 2.56
Complex 
[{Fe(S2CNMe2)2}„]
[{Fe(S2CNEt2)2}2] « 4.42 2.78 190 0.875 4.19
[{Fe(S2CNPrn2)2}2] c 5.25 3.49 237 0.87 4.20
[{Fe(S2CNBun2)2}2] c 5.02 2.79 285 1.01 3.93
[{Fe(S2CNC4H8)2}] 4.66 4.16 38 176 1.01 2.27
° The Curie-Weiss law was used as Xa°c 1 j(T  +  6); the Me and 
C4H8 complexes obeyed this law but the remaining complexes 
had Neel points at 110 (R =  Et), 185 (Prn), and below 85 K 
(Bun). 6 Isomer shifts, 8, and quadrupole splittings, AE, at 
liquid-nitrogen temperature. The isomer shifts are given with 
respect to natural iron.
moderate agreement, indicating, as do the room- 
temperature moments, that considerable orbital con­
tribution was still present. No special significance 
should be ascribed to the J  and g values except that the 
temperature variation of moment can be considered to 
arise from interaction in highly distorted high-spin 
species.
Magnetic data are not sufficiently sensitive to degree of 
polymerisation to allow distinction14 between dimers 
and linear polymers. Experimentally, however,* the 
complexes fall into two classes: those which obeyed the 
Curie-Weiss law with (Table 2) large 0 values (R =  Me 
and R2 =  C4H8), and those for which N6el points were 
found (R =  Et, Pr11, and Bun) in the plots of reciprocal 
susceptibility against absolute temperature. These
13 B. N. Figgis, J. Lewis, F. E. Mabbs, and G. A. Webb, J . 
Chem. Soc. (A), 1967, 442.
14 A. Earnshaw, B. N. Figgis, and J. Lewis, J. Chem. Soc. (A), 
1966, 1656.
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plots are not of the shape usually found when spin 
isomerism, also excluded by Mossbauer data, is present.
Mossbauer Investigations.—Mossbauer spectra were 
measured at 80 and 4.2 K. External magnetic fields 
were applied in appropriate cases at 4.2 K. All 80 K
copper(n) analogue (Table 4) which is known to be an 
axially bridged dimer 6 involving a five-co-ordinate metal 
as in (I). It is also clear from the X-ray powder photo­
graphs that the dimeric2 [{Cu(S2CNPrn2)2}2] and 
[{Fe(S2CNPrn2)2}2] are isomorphous. Large quadrupole
T a b l e  3
Variation w ith  absolute tem perature of atom ic susceptibilities Xa (c.g.s. units) and effective m agnetic m om ents
fiefi. (B .M . )
[{Fe (S2CNMe2) 2}„]
295.2 262.5 230.0 198.5 166.3 135.0 103.0 89.0
9 846 10 940 11 940 13 460 15 100 17 380 20 290 21 920
4.84 4.81 4.71 4.64 4.60 4.35 4.11 3.97
r/K
io*x,
{La.
T/K
1 0 * X a
t*eB.
T/K
1 0 « * a
p e ll .
T/K
1 0 6X a
Pefl.
r/K
1 0 8X a
P e a .
[{Fe(S2CNEt2)2y
295.2 262.5 230.3 198.5 166.5 135.0 103.0 89.5
8 201 8 645 9 225 9 729 10 330 10 640 10 790 10 680
4.42 4.28 4.14 3.95 3.73 3.40 3.00 2.78
[{Fe(S2CNPrn2)2}2]
294.9 262.5 230.0 198.4 166.0 135.3 89.5
10 560 10 830 10 950 11 130 11 090 10 990 10 780
5.02 4.79 4.51 4.22 3.88 3.46 2.79
[{F e (S2CNBun2)
294.6 262.3 230.0 198.3 166.3 135.3 103.5 89.0
11 510 12 290 13 050 14 030 14 850 15 850 16 890 16 970
5.25 5.09 4.98 4.73 4.46 4.16 3.75 3.49
[{Fe (S 2CN C4H8) 2}„]
295.2 262.5 232.0 198.0 166.3 135.3 103.0 89.5
9 128 10 060 11 230 12 850 14 960 17 880 21 620 23 960
4.66 4.62 4.58 4.53 4.48 4.42 4.24 4.16
spectra comprised clean quadrupole doublets indicating 
that neither oxidation nor hydrolysis had taken place in 
course of preparation or during transfer to the spectro­
meter. The conventional Mossbauer parameters are 
given in Table 2. The first point to be made is that the 
chemical isomer shifts are consistent with high-spin Fe11 
at all temperatures in agreement with the paramagnetic 
susceptibility measurements. These two lines of evi­
dence exclude the alternative possibilities of spin iso­
merism between high- and low- or intermediate-spin 
(S =  1) Fe11 or the presence of low-spin Fe11 alone. To 
date, low-spin or spin-isomeric Fen S6 complexes have 
not been reported. It is evident that, as expected, the 
crystal-field splitting is too small in the case of the less- 
charged Fe11 for spin pairing to take place. From the 
mean positions of the d-d  absorptions (Table 1), A for 
Fe11 is ca. 8 000 cm-1, well below the value at the cross­
over point for Fe11 which from the Tanabe-Sugano 
diagram for d6 must be at least twice this value.
As with many high-spin Fe11 complexes, appreciable 
quadrupole splittings were observed. This is due to a 
valence contribution to the total electric-field gradient 
(e.f.g.) generated by the extra electron over the half­
filled d shell. For such complexes, the splittings of ca. 
4 mm s-1 are among the largest recorded. This quad­
rupole splitting is sensitive to the substituent R in the 
dithiocarbamate ligands. When R =  Me or R2 =  
C4H8, the quadrupole splitting was smaller (ca. 2.5 mm 
s_1) than for the Et, Prn, and Bun complexes which had 
splittings of ca. 4 mm s-1. This quadrupole-splitting 
difference can be correlated with structure as we con­
firmed the Et derivative to be isomorphous w ith/the
splittings are therefore associated with the axially 
bridged dimeric structure. This structure leads to  
strong intramolecular antiferromagnetic coupling which
-U -2
Velocity/mm s’'1 
F igure 1 Mossbauer spectrum of [{Fe(S2CNEt2)2}2] at 4 K
is reflected in the paramagnetic susceptibility measure­
ments. The exchange integrals, J ,  from the suscepti­
bility measurements for the dimers, are of the order of 
20 cm -1 so all the molecules will be in the S' — 0 state at
4.2 K . That the ground state is truly non-magnetic was
1972 J.C.S. Dalton
confirmed by measuring the Mossbauer spectrum in an quadrupole splittings observed for the dimers arise from
applied magnetic field at 4.2 K. The spectrum for the reinforcement of the valence contribution by an appreci-
E t derivatives (8 0.895 and AE  4.25 mm s-1) is shown in able lattice contribution. In octahedral high-spin Fe11
Figure 2. The effective field is small and is just the complexes the lattice and valence contributions normally
T a b l e  4
X -R ay powder d ata0 (d spacings) for the complexes [{Fe(S2CNR2)2}nj
R  : Me Et * Pr“ Bun c4h 8
<----------- *—----, i------------ *—
Fe Cu Fe Cu
7.73vs 8.62s 8.76s 10.15s 10.22s 11.20s 9.30vs
7.08s 7.56s 7.60s 9.18w 8.99m 8.20m 7.63s
5.46s 7.12s 7.18s 7.76s 7.90m 7.08m 5.83s
7.31m
4.43vw 6.05s 6.16s 6.71w 6.83w 5.68w 4.75s
3.91m 5.01m 5.20vw 5.81w 5.76w 5.27vw 3.96s
3.13m 4.84m 4.88m 5.18w 5.15w 4.44m 3.31s
2.96s 4.57m 4.67m 4.70m 4.46w 4.07s 2.92s
2.78vw 4.35m 4.34m 3.96m 3.96m 3.86vw 2.73m
2.59w 4.16s 4.21s 3.67s 3.65m 3.68w 2.34s
2.45m 3.58s 3.70s 3.38m
2.33m 3.07w 3.06s
9 Estimated visual intensities; copper K x radiation. * The d spacings agree well with those reported in ref. 4.
applied field indicating that the internal field is zero. 
Antiferromagnetic dimers may be reasonably well
50 100 150 200 250
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oppose one another and the observed quadrupole 
splittings seldom exceed 3 mm s-1. We conclude that 
the fall in quadrupole splitting from 4.19 observed for 
the five-co-ordinate Et derivative to 2.27—2.56 mm s_1 
observed for the Me and C4H8 derivatives is caused by a 
change in structure from five- to six-co-ordinate, the 
latter being attained by cis polymerisation. The Moss­
bauer spectra at 4.2 K showed a magnetic hyperfine 
splitting in zero applied field (see Figure 3) so the ground 
states of these molecules are magnetic. This evidence 
points strongly to octahedral co-ordination about the 
metal, necessitating more extensive polymerisation
Channel number
F i g u r e 2 Mossbauer spectrum of [{Fe(S2CNEt2)2}2] in an 
applied perpendicular magnetic field of strength 3.0 T
characterised, therefore, by combined magnetic and 
Mossbauer studies. Non-magnetic ground states have 
been confirmed in this way for the Prn (8 0.79 and 
AE  4.26 mm s_1) and Bun (8 0.89 and AE  4.00 mm s_1) 
derivatives as their magnetically perturbed Mossbauer 
spectra were similar in all respects to that shown in 
Figure 2 for the Et complex.
The Me and the C4H8 complexes have structures 
different from the dimeric series. Paramagnetic 
susceptibility measurements show metal-metal inter­
action but it is much lower than in the complexes con­
sidered to be dimers. The observed quadrupole split­
tings are lower than those of the established antiferro­
magnetic dimers with the axially bridged five-co­
ordinate structure. It will be shown that the high
Co
CL
Velocity/mm s_1
F ig u r e 3 Mossbauer spectrum of [{Fe(S2CNMe2)2}„] at 4.2 K 
in zero applied field
than in the dimers.. These hyperfine spectra are similar 
to the low-temperature spectra of simple Fe11 salts. 
The ^ appearance of more than six Zeeman lines indicates
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that the magnetic sub-levels are no longer pure | 
eigenstates so that the Am — ± 2  transitions are weakly 
allowed.15 Although many polymeric MnS6 systems are 
known, no isomorphous relations were found between 
the X-ray powder patterns of the complexes [{Fe- 
(S2CNMe2)2}„] and [{Fe(S2CNC4H8)2}„] and their Cu11 and 
Zn11 analogues which could have been more amenable to 
detailed X-ray investigation than the very air-sensitive 
Fe11 complexes.
Parallel arguments to these have been advanced by  
de Vries et al,9 who also drew support from their prepar­
ation of several anionic complexes such as [Ph4P]- 
[Fe(S2CNEt2)3] which they found had a quadrupole 
splitting of ca. 2.26 mm s_1 compared with the values of 
ca. 4 mm s"1 found for the five-co-ordinate species. 
These workers also reported that their samples of 
[{Fe (S2CNMe2) 2}„] contained variable amounts of Fe11 in 
five-co-ordinate as well as octahedral sites as judged 
from the AE  values (4.10 and 2.53 mm s-1 respectively), 
whereas our samples appeared to consist almost entirely 
of the octahedral type but with perceptible absorption 
at the higher AE  values indicating that the high- 
quadrupole-splitting component was present to the 
extent of 5%. The Et, Pr11, and Bun complexes, as might 
be expected for dimers as opposed to polymers, are 
slightly more soluble in organic solvents than the Me and 
C4H8 complexes. Extraction of the Me complex under 
nitrogen gave a small amount of more soluble material,
but this, and the residue, gave the same AE  of 2.56 mm 
s_1. Since essentially similar preparative methods were 
used, this difference is not understood.
We turn now to our observation of positive Vzz, the 
principal component of the e.f.g. for the dimeric com­
plexes. All examples we studied showed the same sign. 
This positive sign was predicted on the basis of Hiickel 
calculations carried out by de Vries et al.8 who advanced 
a level scheme of the type
(^r*_y>)^ {dzxidzy)^  (i^ j*)1
for these dimeric molecules. The presence of the sixth  
electron in a dxi_y* orbital brings a strong positive con­
tribution to Vzz, whilst the tetragonal perturbation 
generated by the square-pyramidal geometry contributes 
positively to Vzz also. The iron(n) bis(dithiocarbamates) 
constitute a case wherein the lattice and valence con­
tributions to Vzz act in the same sense.
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